Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



\ ■ 



,f *^ 



.- . -i' ,•'•- ■ 



I 



M 



A TREATISE 

ON 

THE STRENGTH OF MATERIALS. 



« IN AKCHITECrVRB, 
i BBIDOBI, RMLWAYH, KTC. j 
AKD ah appendix OV TBI POWSB OF LOCOMOTIVB BNOINED. 

uiD THB irrBCT or ikclihkd plasui and oradikijts. 

By PETEE B AItLOW , F.E.S, 

imr. Of rKAioE ; or im mp, axo hoVIL mBbniti or rstiUKi'aoH un> B 



A NEW EDITION. 

BBVIUD BY BU B0N8, 

P. W. BARLOW, RE.a, asd W. H. BARLOW, F.R.S., 

to WHICH AKB ADDBt> A SUMHABT OF KXPRRlUBHra BV 

EATON H0DGKIN80N, F-KS, 
WILLIAM FAIRBAIRN, F.K.S., 

DAVID KlRKALDYi 

AN ESSAT (with ILLUSTRATIONB) ON TBB BTTBCT PBODUCBD BY rASSI>a 
WnOHTS OTKR 1L48TI0 BAIt& 

By the rev. ROBERT WILLIS, M.A, F.R.S. 
AND FOBMUL* POB CALCULATING OIEDERS, ETC. 




LONDON : 
LOCKWOOD & CO., 7, STATIONERS' HALL COURT. 



/S^. e. ^S 



LOVDoir: 

B&ADBUBT, BVAXB, AlTD CO., PKOTTEBB, WHirKTBUBS. 




PREFACE TO THE PRESENT EDITION, 



A Fifth edition of Professor Barlow's very valuable work 
appeared in 1851. This, the Sixth edition, has been carefully 
corrected ; and, although it is not increased in external dimen- 
sions, owing to the economy of space in printing, it has been 
greatly ^enlarged, and will be found to contain much additional 
interesting matter. 

There have been no alterations of consequence in the first part 
of the treatise— on the Strength of Timber. The following 
important and valuable additions, however, have been made to 
that part treating of Cast L'on : (1) Experiments by Eaton 
Hodgkinson, Esq., on the Strength of Cast Iron of various denomi- 
nations ; (2) An extract from papers on the Transverse Strength 
of Beams, by W. H. Barlow, Esq., F.R.S., with an appendix by 
the late Professor Barlow ; and (3) a short article on the Strength 
of Cast Iron Columna From the next division of the Treatise, the 
description of the Proving Machine in Woolwich Dockyard, and 
the article on the Comparative Strength of Parallel Bails of various 
sections, have been omitted. There have been introduced experi- 
ments by W. Fairbaim, Esq., on Iron and Steel Plates, on the 
behaviour of Qirders subjected to the Vibrations of a Changing 
Load, and on various cast and wrought iron beams ; also numerous 
experiments by D. ELirk&ldy, Esq., on wrought iron and steel bars. 
At the end of the volume will be found a short Appendix of 
formulae for ready application in calculating bridges and girders. 

An explanation is necessary for the apparent want of order in 
the distribution of some of the new matter that has been intro- 
duced ; more especially for that of placing experiments on Cast 
Iron beams in the portion of the work devoted to Malleable Iron. 
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iv PREFACE. 

It was thought advisable, however, to disregard strict classification 
of material, in order that Mr. Fairbaim's experiments might 
appear together. 

The entire work has been revised by Professor Barlow's sons, 
Peter William Barlow, Esq., F.R.S., and William Henry Barlow, 
Esq., F.RS., to whom I beg to tender my sincere thanks, as also to 
William Fairbaim, Esq., LL.D., F.R.S., and David Kirkaldy, Esq., 
for their valuable assistance. 

As a small tribute of respect and esteem for the late Professor, 
I have inserted a short memoir of his life, feeling confident that 
it will be received with pleasure by the members of a Profession 
for which he has done so much. 

W. H. 

Abingdon Street, Westminster, 
August^ 1867. 



EXTRACT FROM AUTHORS PREFACE TO THE 

FOURTH EDITION. 



The fijrst edition of my " Essay on the Strength and Stress of 
Timber " was published in 1817, since which it has gone through 
three editions : another edition having been called for, I have 
thought it right to remodel the whole, and to introduce into it a 
great variety of matter not found in the original work. At the 
time of the first publication, the construction of suspension 
bridges was in its infancy ; and the application of malleable iron 
for the purposes of railways, unknown. These, and various novel 
applications of timber, iron, and other materials, to diflFerent 
mechanical works, have rendered it necessary to investigate ex- 
perimentally and theoretically, many subjects which were not 
known when the first edition of this work was published, and 
which it was difficult to introduce without remodelling the whole. 

This has been accordingly done, and it is hoped that the utility 
of the work has been thereby greatly increased. 



MEMOIR OF PETER BARLOW,' 

Hon. M. Inst. C.E. 



Mb. Pxteb Barlow was bom in Norwich, in October, 1776, and was 
sent at an early age to a foundation school, where he acquired a good 
English education. He was then placed in a mercantile establishment in 
Norwich, and while in that position and still at an early age, he, together 
with some young friends of a similar turn of mind, formed a juvenile 
scientific society, where they discussed questions in mathematics and the 
physical sciences, for which young Barlow had a natural predilection, and 
eventually, by his industry and perseverance, he acquired contdderable 
scientific knowledge. 

The political excitement of the times broke up this little society, and the 
members of it became dispersed, some entering the Army and others the 
Navy, whilst Mr. Bsrlow, turning his attention to tuition, for which he had 
partially qualified himself by careful study, although without enjoying the 
advantage of good masters, obtained the mastership of a schooL He soon 
became a regular correspondent of '' The Ladies' Diary,'' then under the 
management of Dr. Hutton, Professor of Mathematics at Woolwich, under 
whose advice Mr. Barlow was induced, in 1801, to become a candidate for 
the post of additional Mathematical Master at the Boyal Military Academy, 
a position which was only obtained after a severe competitive examination. 
There he became acquainted with Mr. Bonnycastle, to whose judicious 
advice and assistance he always acknowledged himself to have been much 
indebted. Under the same advice he, in 1808, commenced writing for the 
^* Encyclopedia" conducted by Dr. Bees, and from the letter H to the end, 
he contributed the majority of the mathematical articles of that work. In 
1811 he published his first work on the ** Theory of Numbers," and in 
1814 appeared his *' Mathematical Dictionary," and immediately after- 
wards his " Mathematical Tables," a work which has since been reproduced 
by the Society for the Difiusion of Useful Knowledge. In 1817 he pub- 
lished the first edition of an *' Essay on the Strength of Timber and other 

* Ezoerpt Annus] Report of the iDsiitoiion of Civil Eogineers, 1862-3. 
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Materials," founded on experiments made in the Dockyard and the Arsenal 
at Woolwich, by permission of the Admiralty and of the Board of Ordnance. 
While thus engaged he became acquainted with the late Thomas Telford, 
and assisted him in experiments and calculations for his then proposed 
structure of the Menai Suspension Bridge, and also conducted for him a 
series of experiments on the tides in the Thames, in reference to the then 
projected erection of the new London Bridge. In the report upon the latter 
subject, the efiects which the removal of the old London Bridge have since 
manifested upon the bridges of Westminster and Blockfriars were fully 
considered. About this time he also contributed many articles to the 
<< Encydopssdia Metropolitana." In 1819 his attention was directed to the 
variation of the compass needle and the local attraction of ships, and he was 
induced to undertake a series of experiments, with a view to discover the 
laws of the reciprocal action subsisting between magnets and simple iron 
bodies, and to devise some means of correcting the errors of compasses on 
shipboard. The (Government liberally allowed him the facilities which the 
Dockyard and the Arsenal at Woolwich presented for prosecuting these 
experiments, and the laws of terrestrial magnetism which he, after much 
labour, discovered, were subsequently confirmed by Captain Basil Hall, 
Captain M udge, and other officers. These laws and their proposed applica- 
tion for correcting the local attractions of ships formed the subject of his 
*^ Essay on Magnetic Attractions," published in 1820. In a second edition 
of this work, in 1823, it was shown that all the laws which had, up to that 
time, rested on experimental deductions, were consistent with a certain 
hypothesis of magnetic action, which theory was subsequently elaborated 
and confirmed in a more general investigation of the subject by M. Poisson, 
in a memoir read to the Institute of France in 1824. All doubt on the 
subject being now removed, Mr. Barlow received numerous gratifying marks 
of approbation. He was elected on the Council of the Royal Society, and 
received the Copley medaL He also received the reward for useful dis- 
coveries, provided by Ptoliament, in connexion with the then existing 
Board of Longitude. He further received a handsome personal present 
from the Emperor of Russia, and was elected a member of the Imperial 
Academy of Brussels, a corresponding member of the Institute of France, 
and received many other similar distinctions. 

On the 3 1st of January, 1825, he presented to the Institution of Civil 
Engineers a communication ** On the Force exerted by Hydraulic Pressure 
in a Bramah Press ; the resisting power of the cylinder, and rules for com- 
puting the thickness of metal for presses of various powers and dimensions."* 

Mr. Barlow next turned his attention to electro-magnetism, and was the 
author of a work on that subject. While engaged in the experiments he 

• VuU Trans. Inst. C. K., toI. i. p. 138. 
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oonoeiyed the idea of making electro signals by deflecting a magnetic needle 
with a cuxrent of electricity, generated by a galvanic battery, and passed 
along a oondnciing wire. With this object he caused an experiment to 
be made npon a mile of copper wire, arranged npon poets in his garden, 
at Rnshgrore Cottage, Woolwich. The battery employed consisted of 
abont twenty pairs of plates 16 inches square. No insulation was given 
to the wires, and no coil was employed to multiply the action upon the 
needle. In this experiment, which contained the germ of an invention 
destined afterwards to become of such important public utility, although 
a certain amount of deflection was obtained, yet from imperfect insulation 
increased length of wire was found to produce great loss of power, and as 
other subjects of great interest occupied his mind at this time, he discon- 
tinued his experiments upon the electric telegraph. 

Although engaged at this time in contributing articles to several 
Bcientifio works, he applied himself to the improvement of achromatic 
object-glasses, on which subject he communicated a paper to the Royal 
Society.* Pursuing this subject, he was led to try the effect of substituting 
a fluid contained between two sheets of plate, or crown glass, instead of 
using the concave flint glass lens, generally employed, and he constructed 
two telescopes on this principle. Subsequentiy the Council of the Royal 
Society engaged Mr. Dollond to construct a fluid lens telescope under his 
superintendence^ the result of which was satisfactorily reported upon by 
Sir J. Herschel, Professor Airy, and Admiral Smyth. 

Between the yesrs 1833 and 1835 he was engaged in the prosecution of an 
extensive series of mechanical and other experiments, and in the production 
of a volume containing a description of *^ The Manufactures and Machinery 
of Great Britain." 

The railway system was at this time in its infancy, and before Engineers 
had established practical data, Mr. Barlow was much occupied in experi- 
ments, and in testing the strength and best form of section of railway bars, 
the effect of gradients and curves, and in determining other questions. 

In 1836 he was appointed one of the Royal Commissioners for determining 
the best system of railways for Ireland, the report on this subject being 
presented to Parliament in 1838. 

In 1839 he was appointed on a simUar commission for determining the 
best route to Scotland and Wales, and the most convenient port for steam 
communication with Ireland. 

On the 5th of March, 1839, a Paper of his was read at the Institution of 
Ctwil Engineers, entitied ** An Investigation into the Power of Locomotive 
Engines, and the effect produced by that power at different Velocities."'!' 

• Vide Phil Trans., 1827, p. 231. 

t Vide Minutes of Prooeedinga, Inst C.B., vol i. (1839), p. 46, and Trans. Inst. C.E., 
▼oL iii p. 183. 
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In 1842 he was similarly employed upon an inquiry into the general 
merits of the atmospheric system, and in 1845 he was appointed one of the 
Gauge Commissioners, in whioh he was associated with Sir Frederick Smith 
and Professor Airy. 

In 1847, being then seventy-one years of age, he retired from his duties 
at the Royal Military Academy, and in consideration of his eminent publio 
services, the Government awarded him his full pay on his retirement. 

From this time, although he ceased to engage in active professional duties, 
he continued to take a lively interest in all the leading scientific questions 
of the day. 

So late as the year 1857, although he was eighty-one years of age, he 
wrote a postscript to a Paper communicated to the Royal Society by his son, 
Mr. W. H. Barlow, M. Inst. O.E., on the " Resistance of Flexure," which 
postscript contained a mathematical investigation of considerable difficulty. 

Mr. Barlow was elected a Fellow of the Royal Society in May, 1823, and 
he was a member of most of the other scientific societies of this and other 
countries. He joined the Institution of Civil Engineers as an Honorary 
Member in 1820, and always took much interest in the proceedings. Of a 
kindly and cheerful disposition, he retained his full powers of mind until his 
death, which took place on the 1st of March, 1862, deeply regretted by his 
numerous friends, and especially by those Officers, his former pupils, who, 
whilst under his gcddance at the Royal Military Academy, had ever found 
him as valued a friend as a conscientious and talented tutor. 
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ON THE STRENGTH OF TIMBER. 



1. There are four distinct strains to which a beam of timber, 
a bar of metal, or any other hard body, may be exposed, and in 
which the mechanical effort to produce the fracture, and the resis- 
tance opposed to it by the fibres or particles, are differently 
exerted ; while each of these again is subject to various modifi- 
cations, according to the manner in which the bodies are supported 
or fixed, the positions in which they are placed, and the direction 
of the forces or strains to which they are exposed. 

These four distinct cases or strains may be stated as follow : 

1st A body may be torn asunder by a stretching force applied 
in the direction of its fibres, as in the case of ropes, stretchers, 
kiog-postfl, tie-beams, &c. 

2ndly. It may be broken across by a transverse strain, or by a 
force acting either perpendicularly or obliquely to its length, as in 
the case of levers, joists, &c. 

Srdly. A beam or bar may also be destroyed by a pressure 
exerted in the direction of its length, as in the case of pillars, 
posts, and truss-beams. 

4thly. It may be twisted or wrenched by a force acting in a per- 
pendicular direction, at the extremity of a lever or otherwise, as in 
the case of the axle of a wheel, the lever of a press, &c. 

These several cases will form the subject of inquiry in the 
following pagea 

B 



STRENGTH OF TIMBER. 



Experi/ments on the Strength of Direct Cohesion of the Fibres 

of different ki/nds of Wood. 

2. It is usual to distinguish by the expression force of direct 
cohesion of bodies, or simply direct cohesion, that force by which 
the fibres or particles of a body resist a separation, and which 
must ultimately be traced to that unknown cause we are 
accustomed to speak of under the denomination of corpusciUar 
attraction. 

This is by far the simplest strain of the four above alluded to 
with regard to its mechanical action ; but the most difficult to 
submit to experiment, in consequence of the enormous forces that 
are requisite to produce the rupture even on pieces of small 
dimensions, and the great difficulty there is in applying these 
forces in the direct line of the fibres of the body ; and if this is 
not done, the first rupture may be occasioned by some unequal 
action of the weight on a part of the fibres only, or by some 
force of torsion, whereby a part of them may be wrenched 
asunder. 

The consequence in either case is, that the force of direct 
cohesion will be estimated at less than its real value ; and it is 
probably owing to this circumstance that so little agreement is 
found in the results of such experiments as have been made with 
a view to this determination. The strength of different woods of 
the same kind, and of different parts of the same timber, is also 
very different, as has been shown by the experiments of Musschen- 
broeck, Robison, Buffon, and others ; but, as regards this 
difference, we still unfortunately meet with strange discrepancies. 
Musschenbroeck's experiments were made with great care, and he 
has given a very minute detail of them, particularly those on ash 
and walnut. In these he states the weights required to tear 
asunder slips taken from the four sides of the tree, and on 
each side in a regular succession from the centre to the circum- 
ference. His pieces were all formed into slips fitted to his 
apparatus, and cut down to the form of parallelopipedons of -i^th of 
an inch square, and therefore iVth of a square inch section ; and 
the several weights required to produce the rupture when the 
rods are reduced to a square inch, are as stated in the following 
Table: 
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8. Mu88chenbroeck*8 resvlts on the Strength of Direct Cohesion. 



Locnit-tree 
Jageb . 
Beech, Oak 
OrsDge 
Alder 
Elm . 
Malberxy . 
Willow 
Ash . 
PI am . 
Elder 



Ibn 
20,100 
18,600 
17,300 
15,500 
18,900 
18,200 
12,500 
12,500 
12,000 
11,800 
10,000 



ttM. 

Pomegranate .... 9,750 

Lemon 9,250 

Tamarind 8,750 

Fir 8,330 

Walnnt 8,130 

Pilch Pine 7,650 

Qaince 6,750 

Cjpress 6,000 

Poplar 5,500 

Cedar* 4,880 



In these experiments, it was found, that the wood immediately 
surrounding the pith or heart was the weakest. Dr. Robison also 
asserts, under the article Strength, " Encyclopaedia Britannica,*' 
from his own observation on very large oaks and firs, that the 
heart was weaker than the exterior parts. He observes also, that 
the wood next the bark, commonly called the white, or sap, is 
again weaker than the rest; and that, generally, the greatest 
strength is found between the centre and the sap. 

With regard to our experiments, they were not particularly 
directed towards this inquiry ; but, in most cases, the heaviest 
wood was found the strongest ; and this was generally the case 
with those parts that grew nearest the centre of the tnmk, and 
nearest to the root, provided it was so far removed from the latter 
as not to be very cross-grained. M. Girard'f' is also of the same 
opinion, stating it as a well-established fact, that the strongest part 
of a tree is nearest the centre. 

4. From this contrariety of results, it is di£Scult to draw any 
satisfactory conclusion : the probability is, that much depends upon 
the age of the timber, and on the soil in which it is grown. While 
the tree is advancing in its growth, the last-formed wood, that is, 
the exterior parts, are probably weaker than the heart ; but when 
a tree has attained complete maturity, and approaches, though 
imperceptibly, towards decay, the circumstances may be reversed ; 
the exterior parts, or last-formed wood, becoming harder and 
stronger, while the central parts are beginning to experience that 

* Sae If aBnlMai1nroeek*8 *< System of Kaiaral Philoeophj,*' published after his death, 
bj Liikifi^ 8 Tola. 4to. ; or the Frendi translation of the same, by Sigaud de la Foud, 
Paris, 1760. 

t "TniftiAnalytiqiiede la R^sistaneedes Bolides." 
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4 STRENGTH OF TIMBER. 

dissolution which ultimately pervades the whole. It may be 
observed, that Dr. Robison states his timbers to be very 
large ; and Musschenbroeck's must have likewise been of con- 
siderable size, from the number of slips he was able to cut out 
between the centre and circumference: both which circum- 
stances seem to give a degree of probability to the above 
suggestions. 

Very nearly the same view is taken of this subject by Du 
Hamel, in his work, " Sur TExploitation des Bois," where the same 
ideas are given, not (as those above) merely as conjectures, but as 
facts, drawn from numerous experiments and observations. Tlie 
author concludes his chapter on this subject as follows : *' Si ce que 
nous venons d'avancer est vrai, il faut n^cessairement que le bois 
qui est vers le centre du pied d'un arbre, encore en crue, soit plus 
pesant que celui qui est au haut de la tige, et dans toutes les 
parties de Tarbre ; que celui qui est au centre, doit etre plus pesant 
que celui qui est k la circonfdrence. Au contraire, quand les arbres 
sont sur leur retour, le bois du centre doit etre moins pesant que 
celui qui est plus prfes de la superficie, k cause de Talt^ration qu'il 
a souflferte. C'est un fait que nous avons v^rifid par plusieurs 
experiences." 

The work above referred to, by Du Hamel, contains many very 
curious and interesting experiments connected with this subject, as 
to the chemical analysis and natural decomposition of wood ; of 
the quality of diflferent woods, as depending upon the nature of the 
soil, &c. 

From a great number of experiments and observations on the 
latter point, the author concludes that the best oaks, elms, and 
other great trees are the produce of good lands, rather of a dry 
than of a moist quality : they have a fine and clear bark ; the sap 
is thinner in proportion to the diameter of the trunk ; the ligneous 
layers are less thick, but are more adherent the one to the other, 
and have a greater uniformity of texture, than trees which grow 
in moister situations. The grain of these woods is fine and com- 
pact ; and when they are examined with a good glass, their pores 
are observed to be filled with a species of varnish or glutinous 
matter, strongly adherent, which gives them commonly a pale 
yellow colour, by which they may be distinguished from trees 
that are the growth of a different soil. 

Also, in consequence of the closeness of their pores, they are 
more dense and heavy, become extremely hard, and resist the 
attack of worms. 
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The specific gravity of a tree grown in such soil as that above 
described, is to that of a similar tree in a wet marshy situation, 
frequently as 7 to 5 ; and the weights which a similar beam will 
support without breaking, in the two cases, are in about the ratio 
of 5 to 4. 

May not this account for the superior quality of the Sussex oak ? 
which I am informed by Mr. Hookey, timber-master in Deptford 
Dockyard, he has always found to be the best for strength and 
durability : that the next in quality is that which grows in tlie 
south-west parts of Kent, and the north-east parts of Hampshire. 

6. As to the density of the top and bottom of the same tree, 
and of the centre and external parts, much depends upon the age 
of the timber when felled ; but generally, in a sound tree, the 
density is found to decrease from the butt upwards, and from the 
centre to the circumference. On the former point, the following 
experiments. Table A, the result of many years* observation, which 
have been made with great care by Mr. B. Couch, timber-master 
in Plymouth Dockyard, are highly valuable ; and they are given in 
preference to those of Du Hamel ; not only on account of their 
containing a greater variety of woods, but because the results are 
given in weights and measures which are more familiar to English 
engineers. 

6. To the same gentleman I am indebted for Table B relative 
to the loss of weight sustained by oak in seasoning. The eight 
pieces on which the experiments were made, were English oak, 
varying from 3 inches to 10| inches in thickness, and from 24 
inches to 40 inches in length ; the particulars of which are stated 
in the three upper lines in this Table : the dimensions there 
given being those of the pieces when first taken from the saw- 
pits in their rough state, viz., without planing; and not being 
originally cut for the purpose of these experiments, most of the 
dimensions are found partly fractional 

These several pieces were laid on the beams of a smith s shop, 
and placed at such a distance from the forges that the fire might 
only operate suflSciently to keep the air dry. They were converted 
from trees just received from the forest, and were weighed every 
month, from February, 1810, to August, 1812 ; at which latter 
period, it was observed that the larger pieces lost but little of their 
weight, and the weighing of them monthly was therefore discon- 
tinued^ and only performed annually, as shown in the Table : 
from which it appears that the 
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Teightloat . . Sll} 

That is, more than ooe-third of the weight is lost in aeasoning. 

The specific gravity of No. 1, before seasoning, was 107i, and 
after that process onlj 720 ; and it is probable that the specitic 
gravity of oak is always within these limits ; or, at least, that it 
seldom much exceeds the greatest, or falls below the least of these 
numbers, 

TABLE OF BXFBBIMBNTS <B) 

BtUUive lo the Lou of Weight in Seatoning EnglUh Oat. 

B7 Ms. Co oca. 





No. 1. 


No. 2. 


No. 3. 


No. 4. 


No. 5. 


No. 6. 


No. 7. 


No. 8. 




InchM. 


to^hia 


J ache. 


InchH 


[DChl* 


lllFh» 


Inchw. 


Incbe. 


Leogili . 




2Ci 


SOj' 


314 


39i 


304 


37i 


&8J 


Brndth . . . 


16 


Uk 


Itii 


12 


16 


121 


Hi 


144 


Depth 




10 


n 


81 


n 


6 


H 




3 


Psrlod-ofWdghlc 




B* 


ib«. 


It* 




lbs. 


tt«. 






Fobrnu'j, 1810 




163 


133 


Ifll 


lolj 


1634 


774 


02 


74 


Hansb . 




154 


1231 


1554 


99 


148] 


7li 


821 


65 


April . . 




U9 


118 


ISIJ 


96 


1424 


68i 


78 


60 


"Z" ■ ■ 




HI 


113 


147* 


92) 


135! 


664 


76 


66 






14" 


109 


U34 


904 


13114 




714 


6:' 


July. ■ . ■ . 




137 


106 


141 


884 


127 


62 


694 


61 


Angort 




135 


104 


1394 


87 


I23J 


61 


67] 


50 


8e(,Wtnbflr. . 




183 


102 


1371 


854 


121 


69 


66 




October 




j3ii 


101 




844 


119 


68 


66 


48 


NoTcmber . 




131)1 


100 


134i 


84 


117 


68 


644 


47 


December 




ias| 


9» 


134) 


834 


117 


68 


63) 


47 


JMMry, 1811 . 






D9 


133| 


82! 


116 


S7i 


634 


47 


Pebtuirj- . 




I'm 


lOOi 


135 


84 


118 


57i 


85 


47 


M«rcb . . 




127^ 


98 




81i 


lis 


67 


6'1% 


47 


Aprilt . . 




137 


ft? 


1321 


83 


116 


68 


04 


464 


Mr. . . 




125 


96i 


ISO 


m 


113 


66 


61J 


46 


June . . 




124 


flSl 


1294 


794 


112 


56 


61 


464 


Jnljt ■ . 




1241 


86 


1294 


80} 


11-2 


65 


62 




Anguit . 




121 J 


931 


127 


784 


109 


64 


CO 


45 


September 




132 


B2i 


1374 


71*4 


109 


56 


69 


45 


October 




iiej 


92 


1254 


774 


1084 


64 


59 


46 


November . 




121 


83J 


1264 


77 


110 


66 


69 


45 


December . 




HBJ 


ei| 


125* 


774 


108: 


64 


69 


46 


J»BU.rj, isia 




119* 


nii 


12*4 


764 


107 


63 


50 


46 


F*bni-irj . . 




1181 


ftij 


121 




lOT 


S3 


60 


45 


March . 




1184 


91 


124 


76* 
7U( 


loT 


63 


694 


45 


April , . 




1174 


90J 


123 


loa 


63 


63 




M», . . 




H7i 


BOS 


122i 


76} 


106 


63 


58| 


46 


jDiie . . 




lldi 


89| 


123 


TG4 


106 


62} 


68 




Jaly . . 




116 


soj 


1214 


7&i 


lOSf 


62; 


58 


45 


An^rt, 1S13 . 




1154 




121 


741 


I05I 


6-21 


58 


45 


August, 1S13 






8.11 


iiej 


72 


103i 


61 4 


57 


45 


Angiirt, ISU . 




1084 


85 


1141 


714 


11)3 


51 


67 


454 


Augnit, 1815 


JOtiJ 


844 


J124 


704 


1023 


614 


67 


46 



* Verj much raia liuee lait veighed. 

t Baioeii leTerBl d&jri proTumt to veigbing. 

I OoDitaot nia for (wo daji previoiu to weigbing. 
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The loss of weight in the preceding experiments was more rapid 
than in the similar experiments of Du Hamel : but much depends 
upon the nature of the soil in which the trees grow, as the timber 
of moist land loses more of its weight in seasoning than that which 
is the produce of a drier and better soil 

7. The process of seasoning may be facilitated by boiling, 

steaming, &c., as appears from the following experiments of Mr. 

Hookey. The three pieces marked Nos. 1, 2, and 3, were Englisli 

oak, each four feet long and three inches square ; all cut from the 

same timber. No. 1 was placed in the steam kiln for twelve hours; 

jSio. 2 was boiled for the same time in fresh water ; and No. 3 was 

left in its natural state. The weights of the three pieces, previous 

to the experiment, and at the end of each month for half a year 

afterwards, were as stated below. 



Times of Weighing. 



Prerioiu to the experiment 

After diUo 

Jane .... 

Jnlj . . . . 

Aqgut .... 

8e|)teiiiber . . • 

October 

Kofember 



No. 1. 
Steamed. 



Weight 
Am. OS. 
16 124 
16 6 



Na a. 
Boiled. 



15 
U 



1 
2 



13 13 

12 10 

12 5 

11 10 



Weight 

lbs. OS. 

16 15 

16 U 

15 10 

14 12 

14 

13 6 

12 10 

12 5 



No. 3. 
Natural Stato. 



Weight 

Iba. OS. 

16 14 

16 14 

16 6 

15 14 

15 5 

15 

14 12 

14 8 



All the pieces were placed in the same place, in the open air, 
and in the same position {i,e., vertically,) after the experiment, and 
were continued so during the sixmonths that their weights were 

taken. 

From the above it appears that the process of seasoning went 
OD more rapidly in the piece that was steamed than in that which 
was boiled ; but that in the latter, the process was carried on much 
quicker than in the piece which was left in its natural state : 

The first had its specific grarity reduced from 1050 to 744. 

The second from 1084 to 788. 

And the third .... firom 1080 to 928. 

We must look to the philosopher for a satisfactory solution of 
the problem presented in these results. Mr. Hookey* accounts for 
the facts by supposing, that the process of boiling or steaming 



«< 



* To this gentleman is dne the ingenioiis idea of hending large ship timbers. — See 
of the Society of Arts,** toL xxxiL 
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dissolves the pithy substance contained in the air tubes, by which 
means the latter fluid circulates more freely, and that the seasoning 
thereby proceeds with greater rapidity. 

8. From the several experiments above given, and from others 
found in Du HameVs work above referred to, it appears, 

1. That the density of the same species of timber, and in the 
same climate, but on different soils, will vary as much as in the 
ratio of seven to five ; and that the strength of the same will be, 
both before and after seasoning, in nearly the ratio of five to four. 

2. In healthy trees, or those which have not already passed their 
prime, the density of the butt is in some cases to that of the top 
in about the ratio of four to three, and that of the centre to the 
circumference as seven to five. 

S. The contrary occurs when the tree is left standing after it has 
acquired full maturity ; viz., the butt will in this case be specifi- 
cally lighter than the top, and the centre than the outward part of 
the trunk within the bark. 

4. That oak, in seasoning, loses at least one-third of its original 
weight; and this process is much facilitated by steaming or 
boiling. 

On these subjects, as well as a variety of others, relative to the 
quality of timber, &c., which do not properly fall within the plan 
of this work, the reader is refen-ed to the treatise of Du Hamel 
above mentioned, where be will find much useful and important 
information. 

Eacpervmenta made for determining the Strength of Direct 

Cohesion of different Woods. 

9, It has been before remarked, that notwithstanding the 
mechanical operation in this kind of fracture is by far the most 
simple of the four alluded to, yet it is the most difficult to submit 
to actual experiment in wood ; and it was not till after some con- 
sideration and one or two failures, that we were led to adopt the 
apparatus exhibited in Plate I. 

Here A B, fig. 1, represents one of the pieces whose strength is 
to be determined, its whole length being 12 inches ; the length of 
each square end 3^ inches, and the side of the square end 1 ^ inch : 
the intermediate part of 5 inches was turned in an excellent 
instrument by a very connect workman,* and brought down in the 

* Mr. Shorty modeller io the Eojral MiliUry Academy. 



DIRECT COHESION. 11 

centre to ^rd or ^th of an inch in diameter ; * but the other cylin- 
drical parts were made each | inch in diameter. C C, D D, fig. 2, 
represent two strong iron bars, brought to the form shown in the 
Plate; G are two screws which are passed through the holes H H, 
in the bar D D, and are there screwed fast by the nuts 1 1 ; E E 
are two semicircular collars, riveted one to each bar, which, when 
the two are fixed together, form a circular plate, as represented in 
fig. 4. The circular hollow parts e, e, are } inch in diameter, so as 
to fit exactly the larger part of the cylinder shown in fig. 1. Tliese 
bars, after being screwed together, were rested on their supports, 
as in fig. 4, and, as the workmen express it, brought out of 
winding, and accurately adjusted to a horizontal position by a 
spirit leveL 

The two iron boxes M N O, M' N' O', fig. 3, were made exactly 
to fit the square head B, of fig. 1, having also two semicircular 
holes at top, correctly fitted to the larger part of the cylinder : 
these were shut by passing the bolts through the holes N, M, and 
were thus secured by the two sheers shown in fig. 4. 

Having thus described the separate parts of the apparatus, the 
reader will perceive at once the manner in which they were em- 
ployed in the experiment : viz., the head A, of fig. 1, was placed 
above the collar E E, fig. 2, the upper larger cylindrical part of 
fig. 1 being placed in the hollow parts e, e, of fig. 2, when the two 
parts were securely fixed together by the nuts and screws I, G ; 
I, G. In the same manner the lower end B, of fig. 1, was enclosed 
in the two iron boxes M N O, M'N' O', fig. 3, and fastened in that 
position by means of the bolts, seen in fig. 4, and the sheers above 
described. The whole was then rested on the props, fig. 4 ; and 
the hook of the scale being inserted in the circular hole formed by 
0, C, fig. 3, the whole was ready for the experiment, as shown at 
large in the former figure. 

Everything being thus prepared, the wedges shown in the Plate 
were introduced under the scale, to keep it steady, while the larger 
weights were put in ; the former were then removed, and smaller 
weights added in succession till the fracture took place. 

The weights were 10-inch, 8-inch, and 5^-inch shells, loaded 
each with as many musket-balls as brought them respectively to 
100 lbs., 50 lbs., and 15 lbs. A few common weights of 7 lbs., 4 lbs., 

* As it WM difficult to meMiire rerj ezactlj the diameter of the imall cylinder, it was 
iband by winding a fine thread of lilk ten times about it, and then diriding its length 
1)7 the number of Tolation^ in order to get the mean oLrenmfereooe, and hence the 
dlameier. 
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2 lbs., &C., were also employed toward the conclusion of an experi- 
ment, where it was necessary to increase the weight by small 
degrees. 

It should also be observed, that as a slight vibration of the scale 
might cause a fracture in the small cylinder submitted to the 
operation of the weight, four small braces were made use of, one at 
each comer of the scale, to prevent any such motion. These were 
attached to the four inward legs of the stand, which are omitted in 
the Plate, to avoid a complication of parts. 

The results of these experiments are exhibited in the following 
Table. 



TABLR L 
10. EBperiments on the Dtred Coheiion of different Woode. 



No. of 
ezperL 
menta. 


Nameaof 
the wooda. 


Specific 
gravity. 


Circum- 
ference. 


Weight 
in &s. 


Weight 

reduced to a 

aquare 

inch. 


Mean Talue of 
direct oohe- 

aion on a 
aquare inch. 


1 
2 
8 
4 

6 
6 


Fir 

do. 

do. 

do. 

do. 

do. 


600 
600 
600 
600 
600 
600 


106 
110 
110 
106 
111 
106 


1140 
1260 
1191 
1160 
1213 
1180 


12993 
18073 
12037 
13220 
12871 
18448 


- 12867 


7 

8 

9 

10 

11 

12 


do. 
do. 
do. 
do. 
do. 
do. 


581 
664 
601 
611 
632 
690 


110 
110 
110 
110 
1-10 
110 


1059 
1201 
1094 
1130 
1076 
1112 


11000 
12472 
11360 
11736 
11180 
11548 


11649 



The first biz experiments were made upon the fragments of the 4-foot pieces (Art. 82), 
which were the same also as the triangular pieoes, Nos. 8, 4, 7, and 8 (Art. 87), were 
out from. 

These pieces were all cut from a plank remarkably free from knots and izregnlarities^ 
"^hich throughout gave more uniform rraults than any other specimen. 

No. 7, broke by a part of the fibres drawing out of the head of the peoe ; it was pro- 
^bly first broken by an accidental motion of Uie scale. 

No. 9, broke by the whole of the middle cylinder drawing out of the head, to the 
length of about 2 inches, where there was a knot, which might bieak off the oontinnation 
<>f the fibres. The others were all complete fractures. 
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TABLB l,—{e(miinued). 
U. Experi$nenis on tJU JHrect Coherion of different Wood; 



No, of 
expert- 



13 
14 
15 



16 
17 
18 



19 
20 
21 



22 
23 
24 



26 
26 

27 



28 
29 
30 



31 
22 
83 



Names of 
the woodk 



Ask 

do. 

do. 



do. 
do. 
do. 



Beech 
do. 
do. 



Oftk 

do. 

do. 



do. 
do. 
do. 



Teak 
do. 
do. 



Box 

do. 

do. 



Specific 
gravity. 



594 
611 
611 



600 
600 
600 



712 
694 
700 



770 
770 
770 



920 
920 
920 



860 
860 
860 



960 

960 

1024 



(%rcuin- 
ferenoe. 



•8800 
•9000 
•8760 



•8375 
•8625 
•8760 



•880 
•890 
•900 



110 
MO 
110 



•8800 
•8750 
•8900 



•8625 
•8625 
-8625 



•8625 

•8025 
•8625 



Weight 
in&e. 



1100 
1096 
1024 



881 
1025 
1081 



716 
721 
731 



866 
887 
908 



740 
712 
698 



868 
900 
912 



1168 
1160 
1200 



Welffht 
reduced to« 
equare inch. 



17850 
17003 
16770 



15784 
17315 
17742 



11626 
11437 
11388 



8889 
9211 
9494 



12008 
11660 
11072 



14662 
16203 
15405 



19730 
19595 
20348 



Mean value of 

direct 

cohesion. 



17207 



16947 



11467 



9198 



11680 



16090 



19891 



Nothing remarkahle happened in the eoarie of thete experiments, except that No. 4 of 
the ash, rix. No. 16 above, was observed to twist, daring the action of the weight, about 
7}*, bat the fraetore took place in the small part of the ejUnder : as this piece, how- 
ever, bore leas weight than anj other of the ash, it is probably to be attribated to the 
shove cirenmslanoe : a similar e£foet was observed in the specimens of mahogany, as 
itated below. 

It is proper to observe, that Nos. 18, 14, and 15 were made from the fkagments of the 
2-iaeh square ash pieces. Art 95 ; those of the beech from the fragments of the similar 
pieces, Ark 96. 

The first three oak pieces were off the same plank as the several battens. Art 93. It 
was a very fine piece of Boglish oak, which had been a considerable time in store, and 
was perfectly diy: the other specimen, yix., Nos. 25, 26, and 27, appears, from its 
speeifie gravity, to have been more recently felled : it was also of a closer texture. 

Nos. 28, 29, and 80 were from a piece of teak which bad been taken from an old ehip. 
SosM other specimens were tried, bat the results were so irregular, that it would be 
osdcM to give them ; and exactly the same oocarred in the first experiments on the 
tTAnsTerae strain of this wood. 

In the first two experiments on box, the small part of the cylinder drew out of the 
head, wluch was 5} inches in length, but not so perfectly as in the fir piece already men- 
tioiwd ; the part that drew oat being very tapering, so that we coold barely see through 
the hols thai fonned. It is therefore obvioas that, althoogh the mean strength 
asMoiiii to nearly 20,000 Iba. upon a square inch, this is still short of the absolnte 
stfcngth ei dirsot cohaalon of this wood. 
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TABLE L— (eonrtmiecQ.I 
18. SxperiwienU on ike DirtU Onkuum of different Woods. 



No. of 
export* 


Names of 
the woods. 


Specific 
gravity. 


Circum- 
ference. 


Weight 
in£s. 


Weight 
reduced to a 
square inch. 


Mean value of 

direct 

cohesion. 


84 
35 
36 


Pear 
do. 
do. 


646 
646 
646 


-8625 
•8500 
-8625 


683 
523 
523 


11537 
9096 
8834 


[ 9822 


37 
88 
89 


Uthogukj 
do. 
do. 


637 
637 
637 


11125 
11125 
1-1125 


783 
783 
810 


7950 
7960 
8224 


1 8041 



The aanM mi^ be obeerred with regard to the mihoganj, bat it proceeded from a 
different caaae ; vii., the twisting of the pieces, which, in all the ezperimenta, wrenched 
the fibres aannder, instead of drawing them apart. The effeet aeems to have been 
exactly the tame as would happen to a weight suspended to a rope, wbidi wonld haye a 
tendency to untwist ; and it is highly probable that the fibres of the tree had acquired, 
in their growth, a tituation with regud to each other similar to that of the component 
fibres of the rope, but of eoune in a much amaller degree. 

Ejrperiments on the Lateral Adhesion of Fir. 

13. It is stated in a few of the preceding experiments, that the 
fibres, instead of breaking, as was intended, in some instances 
drew out, either wholly or in pait, from the head of the pieces, 
notwithstanding these were, in one instance, more than 5 inches in 
length. This circumstance suggested the following experiments, 
in which the head of the piece was bored down very accurately to 
the distances stated in the third column, viz., to the insertion of 
the smaller cylinder into the greater part ; the several pieces were 
then suspended, as in the foregoing experiments, and the weights 
put on as usual, till the separation took place ; that is, till the 
small part was dravm out, or broken. 

TABLE IT. 



No. of 
experi- 
ments. 


Names of 
the woods. 


Length 

drawn 

out 


Circum- 
ference. 


WeifTht 
in lbs. 


Weight 

^redui^to 

one inch 

surface. 


HeanTahieof 

lateral cohe- 

sioD on one 

inch surface. 


1 
2 
3 
4 
5 
6 


Fir. 
do. 
do. 
do. 
do. 
do. 


1025 
1 -625 
1-625 
1-375 
1-500 
1 500 


1-1 

1-15 

115 

115 

115 

1-15 


996 
1187 
1117 
1066 
1000 
1000 


556 
621 
584 
634 
578 
578 


- 592 



Nns. 1, 3, and 5 were drawn oat very completely; the part which came out being 
nearly as perfect a cylinder as that which was turned : the otiier three were more or less 
irregular. 

Nos. 2 and 4 twisted at least 10* before the leparation took place. 

It appears from the above, that the lateral adhesion ia not more than one-twentieth of 
the direct cohesion in fir. With the other woods we did not attempt any experiments. 
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14. From a mean derived from the preceding experiments, and 
employing only the nearest whole numbers, it appears that the 
strength of direct cohesion on a square inch of 



Ibfl. 

BoXy is about . . . .20,000 

Awh 17,000 

Teak 15,000 

Fir 12,000 



Ibfl. 

B«ech 11,500 

Oak 10,000 

Pear 9,800 

Mahogany 8,000 



Also, that the strength of the lateral adhesion of the fibres in fir 
is about equal to 600 lbs. on a square inch. 

Some of these numbers differ considerably from those given by 
Musschenbroeck, as is stated in Art 3 ; on which head it will be 
sufficient to observe, that the preceding experiments, from which 
the above results are drawn, were made with every possible care 
that the delicacy of the operation required. 

16, Practical RvZe. — Since the strength of direct cohesion must 
necessarily be proportional to the number of fibres, or to the area 
of the section,* it follows, that the strength of any rod will be 
found by multiplying the number of square inches in its section 
by the corresponding tabular number, as given above. 

This, however, gives the absolute strength, or rather the weight 
that would destroy the bar ; and practical men assert, that not 
more than one-fourth of this ought to be employed. I have, how- 
ever, left more than three-fourths of the whole weight hanging for 
twenty-four or forty-eight hours, without perceiving the least 
change in the state of the fibres, or any diminution of their ulti- 
mate strength. 

On the Transverse Strength of Timber. 

16, By the transverse strength of timber is to be understood 
the resistance which this material opposes to a force or weight 
acting upon it transversely to its length, either perpendicularly or 
obliquely ; and it naturally divides itself into three distinct con- 
siderations, viz. : — 

1st. The mechanical strain which a given force acting in a given 
direction produces on the section of fracture. 

2ndly. The nature of the mechanical action of the fibres to 
resist this strain. 



* Tli]% it BQSl be obserred, it not always the case in practiee, aa from referencA to 
iQbaeqoait statements, the aetoal strength of iron, both wroaght and cast, varieB more or 
Imb with Um forai tad dimensions of the section. 
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Srdly. The actual strength of the fibres when thus excited; 
which of course varies considerably in woods of different kinds. 

The two former are merely questions relating to theoretical 
mechanics and geometry, while the latter is wholly experimentaL 

Mechanism of the Transverse Strain. 

17. A beam of timber A C I F, fig. 1, Plate II., fixed with one 
end in a wall, and loaded with a weight W at the other, will be 
deflected from its first horizontal position AH, into an oblique 
direction A F, fig. 2, supposing it for the present inflexible in every 
point, except in the section of fracture A C. And this deflection, 
as we shall see, takes place about a line denoted by ti in the figure 
(called the neutral aads) within the centre of fracture, which it is 
very important to determine, when we are considering the nature 
of the resisting forces of the fibres ; but at present our object is 
merely to estimate the exciting or straining force, which is 
obviously the product of the weight into the effective length of the 
lever n F ; that is, analytically denoting the strain by / ; 

/=nP.c<»nPB.W, or 
/ = Z cos A W, 

denoting nF hy I, the weight by W, and the angle nFB oi deflec- 
tion by A. 

It will be observed that 7i F is not the length of the beam, but 
the distance of the neutral axis from the point on which the 
weight is suspended ; nor is the angle nFB actually the angle of 
deflection of the beam ; but as the depth of beams is generally 
small in comparison to their length, and the depth of the neutral 
axis still smaller, we shall in what follows, except the contrary be 
expressed, consider I as the length of the beam, and A as the 
angle of deflection, as it will simplify the investigation, and can 
produce no sensible error. 

When a beam, instead of being fixed at one end into a wall, is 
merely rested on a support at its middle point, and loaded at each 
end, the tension of the upper fibre is still the same as in the 
former case ; the length of the beam in the latter instance being 
supposed double what it is in the former ; that is, supposing the 
beam F F', fig. 3, to be double A F, fig. 2, then the three weights 
being equal, the tension of the fibre A b, in both cases, will be the 
same ; excepting only so much of it as depends upon the cosine of 
the angle of deflection, which in fig, 3 will be only half that in 
fig. 2 : the same general expression, however, will apply in both 
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^s, by merely changing I in the former into ^lin the latter ; so 
b we shall have in this case 

/ = 4 / CM Zi W. 

8, Now, a beam resting on a fulcrum C, in the middle of its 
jth, as in fig. 3, and acted upon by two weights W, W, has 
imonly been considered in the same state, with regard to the 
tin upon it, as the equal beam F F', fig. 4, which is rested on 

two props F F', and loaded with a double weight P, at its 
itre : and this is sufficiently correct in all common cases, 
bough not strictly so when the deflection of the beam is con- 
erable, as may be demonstrated as follows. 
In the first place, it is obvaous that the resistance of the props is 
t made in a direction parallel to that of the vertical weight P, 
t perpendicular to the arms of the lever F n, F' n ; and there- 
•e, that the beam is, with regard to its strain, kept in equilibrio 

the action of the three forces, F O, F' O, and O R ; the former, 
0, F 0, being supposed perpendicular to F n, F' 7i. 
The reaction of the fulcrums FF' will therefore be to the 
sight P, as F O to half O R, or O C ; or as radius to the cosine of 
•e angle F O n or n F' C ; that is, aa radius to the cosine of the 
igle of deflection. 

Hence, when a beam is rested upon two fixed props, and loaded 
■ its middle point by any weight P, the strain upon that middle 
>int, arising from the reaction of the props, will be found by 
lefoUowing proportion, as 

C : P : : i P : ^O^* ^' 
CO.. A:rad::4P:5^^^> or y^^, 

ting radius equal to unity; or if we call i P= W, then, according 

our former notation, 

jl, W ^ ^P 

^ 008 A 4 008 A 

rhis supposes the arms of the lever Fn,Wn,to remain of the 
le length ; but it is obvious that this is also an erroneous hypo- 
sis ; for the props, or fulcrums, being fixed, these arms, either 
the stretching of the fibres, or by the piece of wood slipping 
ween the points of support, are more and more lengthened as 
piece descends ; viz., the length of the lever is to half the 
anoe of the props, as rad to cos A ; and, consequently, the 

in on this account is again increased in the ratio of ^^ ^ or 
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^ to radius 1 ; whence, by introducing this consideration, our 

former expression becomes 

IT f Psec' A 

19, In all practical cases the angle of deflection A is so small 
that the secant may be considered as unity ; but in extreme cases 
of experimental fracture it is considerable ; and as attending to 
this circumstance may serve to explain what has hitherto been 
considered an anomaly in the experiments of Buffon and others, 
it may not be amiss to examine the question a little more parti- 
cularly, especially as it seems to have escaped the attention of 
other authors. 

Let, then, A C B, Plate III., fig. 1, represent a beam of timber, 
or simply a lever, which, in the firat place, we will suppose to be 
kept in equilibrio by the two equal weights W, W, and the re- 
sistance of the fulcrum C, or by a weight P, acting in an opposite 
direction C Q ; then it is obvious that the weight P must be exactly 
equal to the two weights W, W, or P = 2 W, the lever being sup- 
posed void of gravity. But the eflfect of the weights W, W, on 
the two levers A C, B C, as they relate to any strain at C, may be 
produced by two less weights w, w\ acting perpendicularly to 
these levers ; and these less weights, from the nature of the com- 
position and resolution of forces, are to the two given weights 
W, W, in the ratio of O B, or O A, to O C. 

If, therefore, the lever A B be kept in equilibrio by the weights 
^t;, vf, in the directions A O, B O, the reaction of the fulcrum, that 
is, the weight P, must be reduced in the ratio of O C* : O B* ; for 
the weights themselves are less in the simple ratio of these lines, 
and their vertical action is also less in the same proportion ; and, 
consequently, the resistance at the fulcrum, or the weight P, will 
be decreased in the duplicate ratio of O C to O B, or as O C : O B'. 
And, on the other hand, if the weight P remain the same in both 
cases, then the equilibrium will require the weights w^ V)\ to be 
increased in the ratio of O B' : O C ; and, consequently, the effect 
of these on the two levers A C, B C, to produce a fi-acture or strain 
at C, will have the same increased energy. 

The reader will perceive immediately that these two cases of 
equilibrium are similar to those of the two beams in fig. 3 and 
fig. 4, Plate II., and that they agree with the former deductions ; 

the ftrtt being/ «4<WoMA = i^PeoiA, 
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madtheteeond,/= UJL = ^^ , 

008 A 4 CO* A 

where these two forces, or strains, are obviously to each other in 
the ratio of rad' : cos* A, or as the square of radius to the square of 
the cosine of deflection. 

In this case, however, the length of the lever is not changed, 
because the weights are supposed to act at a fixed point ; whereas 
in the former case, that is, when the beam is rested on two props, 
there is an actual lengthening of the arms of the lever ; and in the 
latter instance, therefore, as before shown, the strain must be 

increased by multiplying the second formula by , or the 

strain 

in the fini eaae » } I P cot A» 

and in the leoond » | 2 P . — ; : 

oo** A 

that is, they are to each other as cos* A to rad*; whereas all 
writers that I am acquainted with on this subject consider them 
equal to each other. 

Some mathematical readers may probably think I have been 
much more minute and explicit in the preceding investigation 
than was necessary ; but those who are not so conversant with the 
Illation of forces, may not disapprove of the pains taken to 
render the deductions clear and satisfactory. 

It may not, however, be improper again to remark, that although 

the 006* of the angle of deflection being introduced into the general 

fomiulae, may serve to explain some anomalies in the final results 

of different sets of experiments, it is a quantity which may always 

be dispensed with when our object is only to obtain the proper 

dimensions of beams for building, or other practical applications ; 

because in these cases the deflection is always very inconsiderable, 

and its cosine little less than radius : in all cases, therefore, except 

when it is in contemplation to compare the ultimate results of 

different experiments, we shall omit the introduction of the cos A , 

and consider the straining foi'ces under the more simple form 

according as the beam is fixed at one ^end, or supported at both ; 

writing in the latter expression W, for what has been before 

denot^ by P, viz., the suspended weight. 

SIO. Let us now endeavour to ascertain the strain upon the 

centre of a beam which is loaded at that point, having each of its 

ends fixed in a wall or other immoveable mass. 

a 
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If the beam, instead of being fixed at each end, were merely 
rested on two props, and extended beyond them, on each side, a 
distance equal to half their distance ; and if weights ty, w\ fig. 12, 
Plate III., were suspended from these latter points, each equal to 
one-fourth the weight W, then this would be double of that neces- 
sary to produce the fracture in the common case ; for, dividing the 
weight W into four equal parts, we may conceive two of these 
parts employed in producing the strain or fracture at E, and one 
of each of the other parts as acting in opposition to w and w\ and 
by these means tending to produce the fractures at F and F'. 

This is the case which has been by most authors erroneously 
confounded with the former, but the distinction between them is 
sufficiently obvious ; because here the tension of the fibres, in the 
places where the strains are excited, are all equal ; whereas in the 
former case the strains at the fixed points are manifestly less from 
the compressibility and consequent yielding of the material in 
which they are fixed. In fact, in every experiment that I made, 
after the complete fractme in the middle, the two fragments had 
been so little strained at the points of fixing, that they soon afler 
recovered their correct rectilinear fonn. 

Parent and Belidor, in their experiments, and indeed all experi- 
mentalists except Musschenbroeck, make the strength of their 
beams, when fixed at the ends, to the same when merely sup- 
ported, in the ratio 3 to 2 ; but theorists have always made the 
ratio that of 4 to 2, as above stated, which is obviously erroneous. 

The formula, therefore, in this case, will be /= J Z W, or mor^^ 
accurately, /= J i W sec* A 

21. At present we have considered the load as being plac< 
upon the middle of the beam ; let us now endeavour to ascertaiir^ 
what strain will be excited in it when the weight is placed in anjg^ 
other part than the centre, as at C, fig. 2, Plate III. 

Here, since the tension of the fibre A B is the same, whether if J 

be estimated towards F or F', we may suppose the weight W to b^^ 

divided into two weights which shall have to each other the ratic^ 

of I C to I' C ; that is, 

IC. W 



M I r : I C : : W : 



I r : r C : : W : 



ir ' 
rc. w 



II 



/ • 



Then it is obvious, that whether we consider the first of these 
weights as acting at the point C of the lever C I', or the latter as 
acting at the point C of the lever C I, or both of them as acting 



TRANSVERSE STRAIN. 21 

it the jwint C of the beam, or compound lever, I I', the strain 
yr tension of the fibre A B will be the same, and wUl be ex- 
pressed by 

^ I'C.w .^ ic.rc.w 
/ = lY X I c = — ; or 

^ I c. w -, _ r c . I c . w 



ir ir • 

Hence, if Z be taken to denote the length of the beam I I', and m 
and n, the two distances I C, T C, then 

That is, the strain varies as the rectangle of the two parts into 
which the beam is divided by the point of suspension : and hence 
it follows, that the strain will be the greatest when this rectangle 
is the greatest ; that is, when the weight acts at the centre. 

22. Let us now take the case of two weights suspended from 
any two points of a beam, to determine the strain upon the beam 
at any given point 

Conceive F I T ^, Plate III. fig. 3, to be a beam resting on the 
two props F F', and having two weights, equal or unequal, sus- 
pended from the two points D, E ; then, from the preceding 
fonnula, it appears that the strain at D, arising from the weight 
atD,is 

and the strain at £, arising from the weight at £, is 

. I E . E I' 



ir 



. w. 



Now, in order to find the strain at any point C, we have only to 
make the following proportions, viz. : 

D r : C r : : j-y — ^^ ' Tp W = the itrain at C; m arising 

from that aiD; and again, 

BI :CI '-'^{l!^ W : ^'^^\jP^ W=:iht itndn at C, aa ariaing 
from that at E. 

Consequently, the whole strain at C, arising from both weights, 

will be expressed by 

^ iD.cr.w + TE.CI. w^ 
f fY 

23. From this general formula may readily be deduced that for 
any particular case : for example, 
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Ist. Suppose the beams uniformly loaded throughout, and the 
stress at any point C required. 

In this case, D and E will be the centres of gravity of the two 
parts I C and C T ; consequently, 

ID=:4IC»ndrB=4Cr; 

whence the expression becomes 

(4 1 c . r c . w) 4» (4 r . 1 ' WQ 
. I c . r . (w + w^) 

Where (W + W') and I T being constant, it follows that / varies 
as the rectangle I C . I' C ; that is, in this case, the strain at any 
point C varies as the rectangle of the two parts into which the 
beam is divided by that point. 

2ndly. Suppose, as another example, that the weights W, W\ 
are equal to each other, and that C is the centre of the beam ; 
then, since 

I' - I = 4 I r, and W = W, 

the general expression becomes, in this particular case, 

. (I D + r B) . r c . w I D + r B -, 

And if we further suppose I D=r E, then it becomes simply 

/ = I D . W. 

Now, if both weights acted at the centre, it appears, from the 
preceding investigation, that 

/ = 4 1 r . (2 w) - 4 1 r . w = I c . w. 

Whence the strain in the two cases will be to each other as I D to 
I C ; and hence the following practical deduction, viz. 

24. When a beam is loaded with a weight, and that weight is 
appended to an inflexible bar or bearing, as D £, fig. 4, Plate III., 
the strain upon the beam will vary as the distance I D, or as the 
diflFerence between the length of the beam and the length of the 
bearing ; for the bearing D E being inflexible, the strains will be 
exerted in the points D and E, exactly in the same manner as^if 
the bearing was removed, and half the weight hung on at each of 
these points. This remark may be worth the consideration of 
practical men in various architectural constructions. 

26. In the same manner as in Art 23, it may be shown, that if 
a beam be loaded with many weights, W, W, W^, W', &c., as ia 
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fig. 5, Plate III., all equal to each other, and every two of which 
are equally distant from the centre, the strain excited on the 
middle point C will be expressed by 

/ = (I I> + I !>' + 1 1>" + &c.) . W. 

Hence, if the length of the beam be I, and the number of equal 
weights m, and the sum of all the weights W, then the above 
becomes 

-/ I 2 1 81 ^ imh W 

\ m m m m / m 

I W 
/ » — : X (1 + 2 + 8 + 4, &o. J wi) ; or, 
in 

^ ZW (4m + l)4jii il Ww^+iJW m , , _ IW 
J *= — « X — r ■— = — 2 =s * f W + z — • 

•'m' 2 2m* * ^ 4m 

Hence, when the weight is uniformly distributed through the 
whole length, the number of points of suspension, m, becoming 

infinite, the last term of the preceding expression, — vanishes ; 
and there results / = I ? W, 

for the strain on the centre of a beam, when the weight W is 
uniformly distributed throughout its length ; which is half what it 
would be if it were all suspended from its middle point. 

26. At present the weight has been supposed to act in a 
direction perpendicular to the fibres ; that is, the different deflec- 
tions to which the beam may be exposed in consequence of the 
different positions of the weight have not been taken into con- 
sideration ; and it has been before explained, that it is not 
necessary to introduce the latter datum while we are merely 
contemplating the comparative strengths and strains of beams for 
architectural and mechanical constructions, in which the deflections 
are always inconsiderable, but that they are essentially necessary 
in the comparison of experiments on the ultimate strength ; and, 
therefore, when we treat of those comparisons, it may be necessary 
to modify some of the preceding results. I shall not, however, 
pursue the subject further in this place, except so far as relates to 
the strain on beams when the direction of the fibres and the 
exciting forces are placed obliquely to each other. 

S7. When a beam A C F I, or A'aFr,fig 6, Plate IIL, is 
placed obliquely in a wall, whether it be descending, as in the 
former, or ascending, as in the latter, the strain excited by the equal 
weights W, W, on the equal arms, I C, T C, will be the same, 
being in both cases expressed by 

/=ZWeotI, 



24 STRENGTH OF TIMBER. 

where I is the length, W the weight, and I the angle of incli- 
nation. 

For, let I W, in both cases, be taken to represent the perpen- 
dicular force of the weight W, and let this be resolved into two 
other forces ; the one, I K, perpendicular to the lever C I, and the 
other, K W, parallel to it ; then it is obvious that K I will repre- 
sent the only eflfective force to turn the lever about the point C ; 
that is, the exciting force will be to the weight W as K I : I W, 
or as radius : cosine of K I W ; but the angle K I W=C I L=the 
angle of inclination = I ; therefore, 

1 : COB I : : W : W C08 I = I K, 

which, combined with the lever C I=Z, gives for the strain at C, 

/ = Z W COS !.♦ 

Therefore, while we omit the consideration of the quantity of 
deflection, the strain on the two beams (their lengths, weights, 
and inclinations being the same) will be exactly equal to each 
other : and this is true, as has been before observed, while we are 
merely considering the application of timber to architectural 
purposes, but fails entirely in determining the ultimate strengths. 

For the deflection of the beam I' C brings it nearer and nearer 
to a horizontal position, where the eflfect of the weight is the 
greatest ; while the deflection of the descending beam I C brings 
it more and more towards a vertical, where the efiect of the weight 
is the least. 

Conformably to this, I have always found, of three equal and 
similar beams, of which the one inclined upwards at a certain 
angle, another downwards at the same angle, and the third 
horizontal, that which had its inclination upwards was the 
weakest ; the one which declined, the strongest ; and the strength 
of the horizontal one, about a mean between both."f- — (See " Experi- 

* It has been assumed by some writers on this subject, and strangelj adopted bj 
others, that not only is the exciting force diminished in the ratio of rad to cos, but also 
that the power of resistance is increased in the ratio, viz., of cos to rad, because they say 
the area of fiacture A is increased in the latter proportion; whence they conclude, 
that the weight necessary to break a beam in an inclined position is to the weight when it 
is horizontal, as rad^ : cos^. 

Nothing, however, can be more obviously false than to suppose the power of resistance 
to be increased ; for if the force or weight W, or Vi', fig. 6, which is denoted by I W, be 
resolved into the two, IK, K W, it is evident that the force I K will have the same effeei 
upon this beam (and no other), as if the beam were placed horizontally, and loaded with 
a vertical weight^ which should betoWasIKtoIW. 

There might be some plausibility for the above hypothesis in crystallized bodies, but it 
will certainly not apply to fibrous ones, the ^number of fibres on which the resistance 
depends being still the same. 

t In speaking of similar beams, it must be understood that each beam projects the 
same distance from the wall, that is, the leverage must be the same in all cases. 
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ments," Art 92.) It is ob\"iou8, indeed, that the ultimate strength 
of a beam does not depend upon its original position, but upon 
that which it has attained immediately before the fracture taJces 
place. 

It may be proper to observe, that in the preceding expression, 
/={W cos I, that force only is included which has a tendency to 
turn the beam about the point C : there is, however, also another 
excitiDg force, but which does not act at any mechanical advantage, 
that is, the force represented by K W, which in the declining j)osi- 
tion of the beam A F C I acts by tension, and in the ascending 
position of A' F' C V by pressure : the entire expression, therefore, 
for the exciting force, is 

/=/Woo8l + ibWiinI, 

the value of k depending upon the proportion between the areas 
of compression and of tension. 

But in most practical cases this latter force is very inconsider- 
able ; first, because it does not act at any mechanical advantage 
through the intervention of the lever ; and, secondly, because it 
acts equally upon the compressed and extended fibres ; and, cun- 
Bequently, while it increases the one of these forces, it diminishes 
the other, and, therefore, in a certain degree, neutralizes its efifect 
on both, on which account it may in most cases be omitted : and 
we must necessarily omit it in this place, because its real effect 
depends upon the proportionality between the area of compression 
ftod that of tension, the determination of which will form the 
robject of experiment in a following section. It will, therefore, in 
this place, be sufficient to observe, that in the cases where tlie 
beam is vertical, and consequently cos 1=0, and sin 1=1, the 
fonner part of the expression disappears, and we have simply 
F=W; where, in the declining position, W must be equal to the 
force of direct cohesion in the ai*ea of fracture, and in the ascending 
position it will represent the weight necessary to crush the beam 
with a vertical pressure. 

28, At present we have only considered the strain a beam is 
exposed to by being charged at any point with a given weight, 
without making any reference to the resistence to which it is 
opposed. Now, this resistance obviously depends upon the figure 
and area of the section of the beam at the breaking point, and 
experiments make this resistance vary in rectangular beams as the 
breadth and square of the depth. That the strength or resistance 
is as the breadth, is obvious ; because, whatever resistance any 
given beam offers to fracture, two, three, or more such beams will 
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offer two, three, or more times that resistance : and this is in fact 
the same as a beam of two, three, &c., times the breadth. And 
with regard to the depth, the resistance will be, in the first place, 
as the number of fibres ; that is, as the depth : and, secondly, it 
varies as the length of the lever by which those fibres act ; that 
is, as the distance of the several fibres from the centre about which 
the beam turns, wherever that point may be, which is also 
obviously as the depth ; and hence, by combining the two causes, 
it will vary as the square of the depth when the breadth is the 
same : and therefore, generally, the resistance opposed to firacture 
by rectangular beams is as the product of the breadth and square of 
the depth. 

If we represent the breadth of a beam of any given wood by a, 
its depth by d, its length by I, all in inches, its angle of deflection 
by A, and the weight necessary to break it in lbs. by W ; also, the 
resistance of a rod an inch square by S : then a d^ S will be the 
resistance of the beam whose breadth is a and depth d. Now, in 
the instant before breaking, there must be an equilibrium between 
the strain and the resistance ; and hence we obtain the following 
equations, viz. 

1. When tlie beam is juced at one end, and loaded ai ike 
other, 

ftWoosA =ao'S,or -= — ■» S, a eonttant quanttty, 

2. When the beam is supported at each end, and loaded in the 
middle, 

ilWaec'A =acPS,or — — ^ — = S, eomiani. 

8. When the beam is fixed at each end, and loaded in the 
middle, 

JZW»ec«A=-ad»S,or ^ ^ "^ ^ = S, aynstant. 
• 6 acP 

4. When the beam fixed as in either of the last two cases is 
loaded at any other point than the centre. 

We shall have in the former case, by denoting the two unequal 
lengths by m and n, 

and in the second, 

stiU the same constant quantity. 
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The first formula will also apply to a beam fixed at any given 
angle of inclination ; observing only, that the angle A, in this 
case, will represent the angle of the beam's inclination, increased or 
diminished by the angle of its deflection, according as its first 
podtion is ascending or descending ; or rather, it will denote the 
ingle of the beam's inclination at the moment of fracture. 
In all these cases, as has been before stated, when it is only 

mtended to apply the results to the common application of timber 

to architectural and other purposes, the angle of deflection may be 

omitted, and the equations then become simply. 



6atP ^ ' latP 

2 mn W 

But in the comparison of the ultimate strength, under different 
circamstances, the angle of deflection must be retained ; and it 
Temains to show how far the introduction of this datum will explain 
what has hitherto been considered as paradoxical in the best con- 
ducted experiments. 

28. One of the most remarkable discrepancies between theory 
and experiment is that already explained (Art 20) ; viz., that tlie 
strength of a beam fixed at the ends is to that of a like beam 
merely gupported, in the ratio of 3 to 2. 

The next anomaly, or what has hitherto been considered as such, 
is that in which the strength has been observed to decrease in a 
higher ratio than that of the inverse of the lengths ; or, which is 
more correct, that the strain increases in a higher ratio than the 
direct ratio of the lengtha Now, it appears from the preceding 
formulae, that this is what ought to be the case ; for the strain 
heing denoted by 

and as the ultimate deflection, in quantity, varies as the square of 
the length (see Art 51), the angle A will vary as the length ; and 
consequently, if the length of one beam be supposed I, and the 
other any number of times the same length, as ml, then the strain 
in the two cases will be as 

and therefore, where the resistance to be overcome is the same, W 
win he to W as 8e<^ A : m sec* m A, instead of being in the 
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Bimple ratio of 1 : th, as stated by most writers on this subject 
This defalcation of strength was observed by Buffon in his experi- 
ments, and has been considered as an inexplicable paradox. Some 
of the reasons assigned by Dr. Robison may probably have their 
effect ; but it is singular that the above explanation escaped so 
keen a mathematician : it may not, perhaps, account for the whole 
discrepance observed in the results, but it will certainly tend con- 
siderably towards reconciling them with each other. The case in 
which a beam is fixed at one end and loaded at the other presents 
a deviation from the commonly established ratio of an opposite 
kind ; for it has been seen (Art. 28) that the strain in this case is 
2 W cos A ; and since the angle A varies as the length, the strain 
upon a beam of m times the length will hem IW cos m A ; and 
hence, when the resistances are the same, we shall have 

W : W' : : m ooe «i A : cob Ai 

instead of the simple ratio of m : 1; and, consequently, the 
strength will not decrease so rapidly as in the inverse ratio of the 
lengths 

The only experiments that I am aware of, bearing on this point* 
are those of M. Parent, the results of which are published>in the 
" Academy of Sciences" for 1707 and 1708, from which the author 
concludes that the weights necessary to break a beam fixed at one 
end and loaded at the other, and that of a beam of double the 
length supported at each end and loaded in the middle, and 
another equal to the latter, but fixed at each end, were as the 
Nos. 4, 6, and 10, and the preceding deductions (Art. 28) give the 
values of these weights 

/ 4/ 6f 



Z oo« A 2 Z beo> A ' 2 / sec^ A ' 

observing, that 2 I, in the two latter expressions, is substituted 
for I in the formulae referred to, because the beams are of double 
length : these ratios are the same as 

8. —I 6. — r---i and 9. 

Ana A BAA* A 



008 A sec' A Bee' A 

which, if the angle be considerable, will approximate towards the 
above numbers ; but in the references I have seen to these experi- 
ments, neither the dimensions of the beams nor the amount of 
their deflection are stated. 
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:: Of the Mechankal Action of the Fih'es to resist Fir^cfure. 

■; 80, This is a subject which has engaged the attention of several 

;^ Terv able mathematicians, whose results have diflfered very con- 

aderably from each other; and although the subject is nnw 

properly understood, and all writers adopt the same gfiieriil view 

^ of the theory, yet it will not be uninteresting to take a rapid 

J^ sketch of the doctrines which have been advanced in support uf 

different hypotheses, by the writers alluded to. 

81, Galileo, to whom the physical sciences are so much indebted, 
was the first who connected this subject with geometry, and endua- 
Toured to compute the strength of different iK'ams upon pure 
inathematical principles, by tracing the proportional strcngtlis 
which different bodies possessed, as depending upon their length, 
hreadth, depth, form, and position. 

It appears that this philosopher was led to these investigations 
in coDsequence of a visit which he made to the arsenal and dock- 
ywds of Venice, and that they were first published in his " Dia- 
logues" in 1633. He considered solid bodies as being niatle up of 
numerous small fibres applied parallel to each other ; and sought, 
or assumed, at first, the force with which they resisted the action 
rf a power to separate them when applied parallel to their length ; 
*wi thence readily deduced, that their resistance in this direction 
*M directly as the area of the transverse perpendicular section ; 
tkat is, as the number of fibres of which the body is composed. 

He next considered in what manner the same fibres would 
ORwse a force applied perpendicularly to their length, and ulti- 
Dwitely came to the following conclusion : "that when a beam is 
lixed solidly in a horizontal position in a wall, or other inimovca])le 
niass, the resistance of the integrant fibres is proportional to their 
sum, multiplied into the distance of the centre of gravity of the 
tfea of fracture from the lowest point." 

82, In order to illustrate this theory a little more explicitly, let 
R S T V, fig. 1, Plate II., represent a solid wall, or other immove- 
able mass^ into vhich the beam C Q is inserted, and let W be a 
weight suspended from its other extremity: then supposing the 
beam to be insuperably strong in every part except in the vertical 
section A B C D, the fracture must necessarily take place in that 
section only; and, accordiTig to the hypotJvesis of this author, it 
will turn about the line C D, whereby the fracture will commence 
in the line A B, and terminate in the former, C D. Galileo also 
farther supposes that the fibres forming the several horizontal 
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plates, or laminae, from CD to A B, act with equal force in reast- 
ing the fracture, and therefore diflfer in their energy only as they 
act at a greater or less distance from the supposed quiescent line, 
or centre of motion, C D. 

Now, from the known property of the lever, it is obvious that 
the equal forces acting at the several distances ol, o2, o3, o4, &c. 
of the lever o e, will oppose resistances proportional to their re- 
spective distances; and therefore that their sum, that is, the 
constant force of each particle into its respective distance, is th€ 
force which must be overcome by the weight W, acting as on a 
lever, at the distance oK. 

38. This will perhaps be better understood from the illustratioD 
given by M. Girard, in his " Traite Analytique de la Rfyiatance dea 
Solidea" which is as follows: 

Let A C I F, fig. 7, Plate IL, represent a longitudinal section of the 
beam C G, and ^i/, w'\ v}'\ &c. so many small equal weights passing 
over pins or pulleys, at /, /', r"', r'", &c., acting at the several 
distances, Cm', Cm'', Cm'", &c., each weight being supposed equal 
to the cohesion of its respective lamina ; then, denoting each oi 
these weights by the constant quantity /, the sum of all theii 
energies, or resistances, will be expressed by the formula 

Cm'./+ Cto"./+ Cm'"./+ C i»"" . / + &o. = 
/ X (C III' + C to" + Cto** + m'*' + &c.) 

This, however, supposes the section to be rectangular, or that the 
number of fibres in each horizontal lamina is the same. Whei 
the beam is triangular, cylindrical, or has any other than a rect- 
angular section, the several small weights must be made propor- 
tional to the breadth of the section at the point where each is 
supposed to act : the illustration, however, is equally obvious. 

Since, then, the whole resistance to fracture is made up of the 
sum of the resistance of every particle or fibre, acting at diflferenl 
distances on the lever C A, which is supposed to turn upon C as s 
fulcrum, there must necessarily be some point in that lever, ir 
which, if all the several forces were united, their resistance to the 
weight W would be exactly the same as in the actual operation 
and this point is the centre of gravity of the section representee 
by AC. 

For let A C B, fig. 10, represent the section of any formed bean 
whatever, F H, any variable absciss, = x, and D E, the corres- 
ponding double ordinate = y ; then, by what is stated above, th< 
energy or force of all the particles in the line D £ will be as D £ 
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H F, or as x y ; and consequently the differential of that force 
will be y X dx, and the sum of all these forces will, therefore, be 
denoted hjj^ y x d x. Now the area of the section may be 
expressed hj/yd x; and, assuming G as the centre of energy 
sought, we shall have 

9 Q .fydx ::^ fyxdx. 
Whence P G = ''— i: — 3 • 

/y dx 

which is the well-known expression for the centre of gravity. 

84, From these considerations, or at least from others tanta- 
mount to them, Galileo deduces his general theorem for the resis- 
tances of solids ; which, from what is above stated, is obviously as 
follows: viz. 

When a beam is solidly fixed with one end in a wall, or other 
immoveable mass, the weight necessary to produce the fracture, is 
to tbe force of direct cohesion of all its fibres, as the distance of 
the centre of gravity of the section of fracture, from the lowest 
point of that section, to the length of the beam, or the distance at 
which the weight acts from the same point 

From other investigations, which it is unnecessary to exhibit in 
this place, the author endeavours to show, that whatever weight is 
sufficient to break a beam, fixed as above, double that weight will 
be necessary to break a beam of equal breadth and depth, and of 
twice the length, when supported at each end on two props ; and 
four times the same weight, when the latter is fixed with each end 
solidly in a wall, &a, &a 

86, Nothing can be desired more simple than the results 

obtained by this theory ; but, unfortunately, it is founded on 

hypotheses which have nothing equivalent to them in nature. In 

the first place, it assumes the beam to be inflexible, and insupcr- 

ftblf strong, except at the section of fracture : secondly, that the 

fibres are inextensible and incompressible : and, thirdly, that the 

beam turns about its lowest point when fixed at one end, or its 

upper when supported at both, and therefore, that every fibre in 

tbe section is exerting its force in resisting extension : and, lastly, 

if this be not implied in the former objection, that every fibre acts 

with equal energy, whatever may be the tension to which it is 

exposed* 

With r^ard to the first of these suppositions, it is obvious that 
no beam of timber, or any other body with which we are acquainted, 
18 perfectly inflexible ; nor any (and more particularly timber) 
whose fibres are not both extensible and compressible ; and con- 
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sequently, a beam of such matter will not turn about its lowest 
point, as a fulcrum: and, lastly, the supposition of every fibre 
exerting a constant resistance is now known to be decidedly 
erroneous. 

The theory of Galileo having these radical defects, it necessarily 
happened, as soon as it was attempted to compare its results with 
experiments, (which the author himself had never done,) that it 
was found defective. The first person, we believe, who did this, was 
Mariotte, a member of the French Academy, who, having soon 
discovered its inaccuracy, proposed to substitute another theory in 
its place, which was published in 1680, in his " Traite du MauW" 
ment dee Eaux ;" and here we find the first notice of extensible 
and compressible parts of the section of fracture, the neutral axis, 
&a This atti*acted the attention of Leibnitz, who, after examining 
the theory of Galileo and the experiments of Mariotte, published 
his own thoughts on the subject in a Memoir which appeared in 
the " Leipsic Acts," in 1684. 

36, This subject was afterwards taken up by James Bemouilli, 
but he unfortunately contented himself with showing the inadequacy 
of the theory he had been examining, but without substituting any 
new one in its place. 

87. The next important step in this inquiry was made by Dr. 
Bobison under the article " Strength " in the " Encyclopaedia 
Britannica," and here for the first time the position of the neutral 
axis, or that line in a beam which suffers neither extension nor 
compression, is introduced as a necessary datum. The position of 
this line was not, however, determined by Dr. Robison, nor had it 
been attempted to be foimd, to the best of my knowledge, when I 
made the experiments on which I founded my "Essay on the 
Strength of Timber." In these I found its position in two or three 
different kinds of wood experimentally, and thereon endeavoured 
to determine the law of action of the fibres at different distances 
from the neutral axis. 

38. It has been before remarked, that when a beam is submitted 
to a transverse stmin, being either supported at its two extremities 
and loaded in the middle, or fixed at one end in a wall and loaded 
at the other, it will not, as was formerly assumed by Galileo and 
Leibnitz, turn about its upper or lower surface, but about a line 
within the area of fracture ; which line is what is 'denominated 
the neutral line^ or neutral axis of rotation. 

If the fibres of a beam (referring, for instance, to fig. 1, Plate 
IL) were wholly incompressible, there is no doubt that the beam 
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when loaded at the end I, would turn about the line C D ; and 
every fibre of it, from C to A, would be in a state of tension. 

And, on the contrary, if the fibres were wholly inextensible, 
then, if the beam turned at all, it must be about the line A B, 
and every fibre from A to C would Ibe in a state of compression. 

But we know of no bodies in nature that are either inexten- 
sible or incompressible ; and, therefore, the rotation of the beam 
will neither take place about A nor C, but on an intermediate 
point or line, n ; and all the fibres above that line will be in a 
state of tension, and those below it in a state of compression ; 
while those which are situated so as exactly to coincide with 
its plane, will be neither extended nor compressed, but be in a 
state perfectly neutral with regard to both. 

88, It is obvious, that the fibres submitted to tension are more 
and more extended as they are situated further from the point 
n, and at A their extension is the greatest. The same has also 
place with the fibres submitted to compression, this being greatest 
at C ; and, whatever may be the law of the forces necessary for 
producing these several degrees of tension and compression, or 
whatever may be the law of the resistances which they offer after 
they are produced, we may conceive some point situated between 
A and n, into which, if all the resistances to tension were united, 
and some point between n and C, into which, if all the resistances 
to compression were condensed, the reaction arising from these 
two aggregate forces would be the same as in the actual opera- 
tion ; and these points are what are designated the centres of 
tension and compression. 

40, With regard to the situation of the neutral axis, we have 
nothing to guide us in the determination but experiments; and 
these seem to indicate, that in rectangular fir beams it is at 
about fths of the depth of the section of fracture when the beam 
is broken on two supports ; or, at |ths of the same when it is 
broken by having one end fixed in a wall, and loaded at the other ; 
— that is, in both cases the number of fibres exposed to compres- 
sion are to those submitted to tension in about the ratio of 5 to 3. 

This was pointed out very unequivocally in several of the experi- 
ments stated in the following pages ; the beams in most cases show- 
ing very distinctly, after the fracture, what part of the section had 
been compressed, and what had experienced tension ; the compressed 
fibres always breaking very short, having been first crippled by the 
pressure to which they had been exposed, while the lower part was 
drawn out in long fibres, frequently 5 or 6 inches in length. 
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Another criterion waa found in the external appearance of the 
side of the beam exposed to pressure before the fracture took 
place : this always exhibited itself in a wedge-like form, the lower 
point of which, when the beam was broken on two props, was 
commonly found to divide the depth in about the ratio aboTe 
stated 

It should be observed, however, that Mr. Hodgkinson, in the 
experiments he has described in the article above referred to, finds 
the ratio to be nearly 4 to 4, instead of 3 to 5 ; and unquestionably 
there must be considerable irregularities in the position of this 
line in different specimens of timber, even of the same kind, and 
much more in woods of different kinds. Without, therefore, 
attempting to determine this point, we may at all events assume, 
from what has been above stated, that there is necessarily such a 
point in the area of fracture in all beams ; and this is sufficient for 
our present purpose, as it is intended in the first instance to speak 
here only of rectangular beams. 

41. Referring to fig. 2, Plate II., let n denote the neutral axis of 
the rectangular beam A C I F, 6 A u representing the part suffering 
extension, and nCd that submitted to compression. Let also i 
denote the amount of tension of the extreme fibre h A, and c the 
compression of the extreme fibre C d. Then, assuming that the 
resistance to tension of a fibre is proportional to the quantity of 
tension, or to its distance from the neutral axis, if we call the 
whole depth of extension Anz^d\ and denote any variable dis- 

tance from n by x, we have d' :t : : x: — , the tension of a 

fibre of that part. C!onsequently, the sum of all the tensions will 
be expressed by 

/t xdx , « , , «, 

and in the same way, assuming the same law of compression, the 
sum of all the compressions will be expressed by 



/ 



c X d X 
., = 4 c d" (when oj = rf") ; 
a 



d'^ denoting the depth of compression ; which two forces are equal 
to each other ; for it is this equality which determines the motion 
to take place about the line n: therefore i t d'=^ c d*', or 
td'=^cd''. 

42, It may be proper to observe, that c here is not intended to 
represent the force requisite to compress a fibre the same quantity 
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that the force t extends it, but simply the force of compression at 
C, corresponding to that of the tension at A. 
48. Now, to estimate the effect of these forces, it will be seen 

that the tension of any fibre at the variable distance x being -^ > 
and this acting •at the distance x, the effect will be -p-, and the 



som of all the effects 



/- 



- id'^l (wbencas if); 



if 

lad in the same way the sum of the compressing forces will be 



fi 



\ d'* e (wKtn « » iT) ; 



d' 

and therefore the whole sum of both species of resistances will be 

id'^e-^ id^Ui 

ud since dT c^d! t, this sum becomes 

\ (d' -¥d') at; 

or, taking cZ^ -f cZ' == d, the whole depth, it becomes 

idd^t. 

That is, in rectangular beams the resistance is equal to the product 
of one-third of the whole depth into the depth of tension, and into 
the force of tension on the extreme fibre. 

^ therefore, we knew in all cases the depth of tension, or the 
idative depth of tension and compression, and the force of direct 
coheson, we might compute the transverse strength of rectangular 
beams, mdependently of any other data ; but these being both 
very precarious, the best method of determining the strength of 
beams of wood is by comparative experiments on other beams ; 
for, since the resistance is expressed hj ^ dd' t, and d' is always 
proportional to d in the same material, it follows that the whole 
resistance is as the square of the depth, as is stated Art. 28 ; and 
the resistance being also necessarily as the breadth, it follows that 
ill all rectangular beams the resistance is as the breadth and 
flqnare of the depth ; and we have seen that the strain is as the 
length into the weight : consequently, calling the breadth b, the 
depth d, the length l, and the breaking weight w, we ought to 

have j-^ = S, a constant quantity for materials of the same kind, 

when fixed or supported in the same manner ; and when they are 
fixed or supported in different ways, the formuke investigated 

D 2 
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Art. 16 et seq. will enable us still to make the requisite re- 
ductions. 

The principal data, therefore, that a practical man requires for 
determining the requisite dimensions of beams, rafters, &a, are 
such as give this constant quantity S, for all variety of woods; 
and such will be found in a subsequent part of this Treatise. 

On the Deflection of Beams, 

44, Hitherto we have considered a beam of timber as inflexible 
in every part except at its point of fracture, which served to 
simplify the investigations and the conception of the subject, 
without in any way aflfecting the accuracy of the result, the stram 
at the point of fracture being the same in both cases ; but it is 
frequently very important to know the amount of deflection a 
given weight will produce, and the law of action which is arrived 
at in these cases. 

46, In order to investigate this, let ABC D, fig. 5, Plate H, 
represent a beam fixed into a solid wall, and in its natural hori- 
zontal position, its weight being supposed nothing, or inconsider- 
able with regard to that with which it is loaded: and let us 
suppose it to be made up of the several parts A B a 6, aba'V, 
a! V a!' h'\ &c., each of which is considered to be subject to com- 
pression and extension : then, when the beam is loaded with a 
weight W, it will be brought into the curvilinear form shown in 
the second position in the figure. Draw the several tangents Am» 
an, a' o\ a" p, &c. ; and admitting that the quantity of extension 
and compression is proportional to the extending and compressing 
forces, we shall have the several angles m A n, n a o, o a'p, J9 a*' D, 
proportional to the distances C F, C/, Gf, Cf\ &c., these being 
the effective lengths of the levers, by means of which the force or 
weight W is exerted at those several points : and the same will 
have place if we suppose the number of laminse to be indefinitely 
great, and therefore the thickness of each indefinitely small : and 
hence we see the fundamental property of the curve which a beam 
thus fixed and loaded will assume ; viz., " that the curvature at 
every point is as the distance of that point from the line of direc- 
tition of the weight," which is, in fact, the elastic curve, first pro- 
posed by Galileo, but the correct investigation of which we owe to 
James Bemouilli, who published it in the " Memoii*s of the Aca- 
demy of Sciences " for 1703. Other investigations of it have since 
been given by John Bemouilli, " Opera Omnia," tom. iv. p. 242 ; 
as also in his Essay on the " Theoiy and Manoeuvres of Ships ; " 
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and particularly by Euler, in the Appendix to his celebrated work, 
" Methodus inveniendi Lineas Curvas." 

46, It is to be observed, however, that the supposition of the 
extension and compression being exactly proportional to the 
exciting forces, is only a particular and very limited case of the 
elastic curve ; for if that extension were as any function of those 
forces, it would still not wholly change, although it would modify, 
the fundamental property of it : but its investigation under this 
genei-al character would carry us far beyond our present pui-pose, 
and, at the same time, would be of no use in our future investiga- 
tion ; for it appears from experiment, that the quantity of exten- 
sion, in consequence of the imperfect elasticity of the fibres, is 
very irregular, and that after a certain deflection has been ob- 
tained, it seems subject to no determinate law ; a circumstance 
which we have endeavoured to illustrate in a subsequent aiticle : 
but during the early part of the experiment, that is, while the 
weight is considerably less than that which is required to produce 
the ultimate fracture, the law of the deflections is nearly uniform, 
and proportional to the exciting force ; it will, therefore, be suflS- 
cient to consider the elastic curve under this particular case, being 
the only one that is applicable to the present inquiry. 

47. Let, then, A B, fig. 9, Plate III., represent a thin elastic 
lamina, without weight, and in its first natural horizontal position; 
A C, the position of it after being loaded with any given weight 
W : at any point in the curve R, draw the tangent R T, and 
conceive the curve to be divided into an indefinite number of 
equal small parts, A a, Rr; and since, by the hypothesis, the 
extension of each fibre is proportional to the force by which it is 
excited, i£ ra and 5 a be drawn perpendicular to the curve at a 
and r, the former may be taken to denote the extension of the 
particle A a, and the latter that of the particle R r ; and we shall 
have rsiab:: force in R : force in A, or : : C L x W : C G x W. Let 
A F and R X be the radii of curvature at the points A and R, then 
the triangles A a 6 and A a F, as also R 8 r and R r X, are similar ; 
and therefore, since A a = R r, we have 

r«:Br::Br:BX 
a6:Aa::Aa:AF; 
tberefore r s : ab : : k¥ : RZ; 
but r « : a 6 : : L : G, 
and oonieqaentl J, CL:OQ::AF:BX; 

whence again, 

CL.RX »CG.AF, a eomtant quantity ^ ^* 
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In order now to trace the property of the curve, let CL=a!; 
B. L = y, and B,G = z; then, as is shown by writers on the diffe- 
rential calculus, the radius of curvature 

— d X . d? y — dx , dfiy * 

and consequently 

xdi? . aj(d^+ds*)l . 

— - — -^r- = A, or 3 jJ ' ' =■ A. 

— oajo'y — oac.o'y 

In its present form this equation is not integrable, but we may 
accommodate it to our pm-pose, without any sensible error, while 
the deflections are small, by supposing dx=^dz/vDL which case it 
becomes 

~ (i* y — das 

Or assuming dx9A constant, and taking the integral 

4 a^ + ■» — ; — *, being the oorreotion. 
' dx 

Now, when aj = ?, JP + C = 0, ^ being in that case = 0, there- 
fore the correct integral is 

Multiplying now by d x, we have 

kdx {a? -P) = - kdy, 

and taking the integral 

4 Z««- ia» = Ay, 

which requires no correction. 

By means of this equation, the curve may be constructed while 
the deflections are small with regard to the length of the lft.miniR ; 
but it will obviously apply to no other case, because it is obtained 
on a supposition oi dx being equal to dz, which is in no case 
strictly true ; although the difference, while the deflections are 
small, is inconsiderable, and may be admitted without any sensible 
error. 

Writing I for x and 6 for y, the above becomes 

— =A,or 3^ = Ca.AP; 

or, since in the case here supposed C G = Z, very nearly, this equa- 
tion may be still further reduced to 

— = AF; 
86 ' 
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and hence it follows, that while A F remainB constant, or the 
curvature at A is the same, that is, while the strain upon the 
beam at that point is constant, the deflection 6 must vary as the 
square of the length. 

But the stram (the weight remaining the same) is as 2 ; or A F 
is reciprocalljr as I ; and therefore, while the weight is the same, 

- T- ^ I , AV ss eoQiUnt qoaoiitj ; 
o o 

consequently, while the weight remains the same, the deflection b 
is as the cube of the length : but we have seen that, ccsUria 
foribuSt the deflection is as the weight ; therefore, generally, 

w/» 

' - . = B, A ooDStant qiuntitj ; 
8 

that is, the deflection is as the weight into the cube of the length. 
48. This deduction being contrary to the experimental results 
rf M. Girard, ought to be examined vdth caution : we propose, 
therefore, investigating the nature of the curve on different prin- 
ciples, and on such as will probably be more intelligible to many 
tnders. 

It has been shown above, that an approximation to the actual 
state of the curve is all that can be obtained ; and this approxima- 
tion may be obtained perhaps more satisfactorily as follows. 

Let ABC D, figs. 5, 6, Plate II., represent the deflected beam, 
ukI let it be divided as above supposed (Art 48) into any number 
of equal inflexible parts, K'B ah^ah a' b\ &a, and let a d, a' df, 
(^ff &c., drawn perpendicular to the respective tangents at A, a, 
tt', 4c., represent the deflections at those points, which, from what 
has been above shown, will be proportional to C F, C/, C/', &c. ; 
and as the investigation is only intended to apply to small deflec- 
tions, let us consider these several lines, a d, a' d\ &c., instead of 
being perpendicular each to its respective tangent, to be all 
paiallel to each other, and perpendicular to A m ; let us also 
denote the first of these a c2 by <2, which may be denominated the 
dement of deflection, and let the number of parts or laminae into 
which the beam ia divided be denoted by m, then we shall have 



•* J _ J 




m 


« : in ~ 1 


lid: — ^^^— d ss a^ <t 


« : « <i- 3 


::d : 2-^=-^ d ^ a' d' 
m 


« : « - 8 


lid : ^!^-^^ <i = a* d-', 


fto. 


ko, Im. 



40 STBENGTH OF TIMBER. 

Also, according to our supposition, 

nm ts m X ad = — d 

m 

i.o = («-i)«'<r= ■ ^'*~^>' d 

m 

op=(m-2)a'rf' - (m - 2)* ^ 

m 

&0. &0. &c. 

Whence the whole deflection m D will be expressed by the series 

« D = — { m« + (m - 1)« + (« - 2)* + &o. 1« } . . . G)* 

or by the summation of the series, 

_ dim* m* m \ 

""^ » It + T +t1'*' 

""'-'' IT+T+T I- 

That is, while the number of parts m are supposed finite, mD 

-T- + -g- + -T- j d ; but when m is infinite, then the 

two latter terms vanish, as being inconsiderable with regard to 

the first ; and we have tmD = — — . 

In the same manner, if V were the length of any other beam of 
which the number of parts were mf, but the parts individually in 
length equal to the former, and the element of deflection d\ we 
should have 

whence 

mD : m'jy : : m^d i m'^d' ; hnim : m' : : I : t ; 

therefore 



m D varieB as 



8 



that is, the deflection varies as the square of the length, and the 
element of deflection ; but the element d obviously varies as the 

* We haTo used the aboTe process for the conyenienoe of those who may not be 
acquainted with the floxioiial or differential calculus : those who are will see immedi- 
ately that the snmmatioo, expressed in equation (1), is equal to - times the integral of 
x^ d X ; that is, 

d /*. , da^ dm*. 
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itndn ; that is, as Z W : therefore, ag&ui> the deflection varies as 
-T-; or, denoting the deflection mD by 6, we have -^-y = E, a 

coDstaDt quantity, the same result as before. 
49. The same may be otherwise demonstrated as follows : 
In the above investigation it is shown that D m, which is sup- 
posed to represent tiie deflection, is expressed by the equation 



»-|"7 



m 1 



and that in any other beam of which the number of parts are m^, 

the deflection is also 



'^'•^ It *T *tI' 



from which we conclude, that when m is infinite, the deflections 

areas 

dm* : d' m'*; ortm dP : d^ H; 

where I and V denote the two lengths. If this should not appear 
to involve all that precision and accuracy that may be desired, it 
may be considered under a point of view somewhat different to 
the former, and wiU probably carry more conviction with it to 
aome of our readers : 
SnpposiDg, therefore, the equation 

_ , ( m' m 1 ) 

^D = i j_ + _ + -j 

to be established ; and calling I the length of the beam, and X the 
length of each of the equal sides of the polygon, we shall have 

~^=m; and substituting this form in the preceding equation, 

we obtain 



*^ = '' i — in? — } ■■ 



or 



and in the same manner, if the length of another beam is V, and 
fn'jy denotes its deflection, we find 



i'jy 



6X« 



]• 



K or the length of each side of the polygon, being, by the supposi- 
ti(»i, the same in both cases : we shall have, therefore, 

• D : m'D' :: rf {2P + 8ZX+ x«) : ^'(2 r« + 8 rx + x«)- 
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This result is wholly independent of any particular vain* 
and therefore is true, when X becomes indefinitely small ; t 
in the case of a continued curve. But here, as X is indef 
small, the last two terms of each of the third and fourth mc 
of the above ratio vanish, and that ratio then becomes simp] 

that is, the deflection varies as the element of deflection in 
square of the length ; or, as the element of deflection im 
square of the length divided by 3, as we have found it 
article in question. 

60. In a similar manner we may investigate the law of 
tion when the weight, instead of being all applied at the ext 
of the beam, is equally distributed throughout its whole len; 
when it is divided into equal portions, and suspended at 
distances, as at the points a\ a!\ a"\ &c., fig. 5, Plate IL 

For, caUing df, as before, the element of deflection = a < 
obvious that the successive deflections, instead of decreas 
before, in the simple ratio of the length, will now decrease 
square of the length, because both the weight and the lei 
lever decrease in the same manner. Our successive defl< 
therefore, in this case, will be 

— r if s= aa 

i„i : („i - 1)1 : ; cf : ^"* "",^^* cf = o' if 



: (w -. 8)« : : <r : ^^^-^^^ d! = a"' cT, 



m> 



&o. &0. &o. 



Also, according to the same supposition as that above adopt 
shall have 



m* 



nm ^ m , ad '^ — zcT 
n o - (« - 1) a' d' « - ^"^ ~ ^^' d' 
p = (m - 2) o- d*' = J"» -^f ^^ 



k 



&e. &C. &c. 

Whence the whole deflection m D will now be expressed 
series 

« D - -^ I m» + (m - 1)» + (« - 2)» + &c 1« | ; 
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or by summatioiiy 

^ <? ( «< m* m* ) 

"">=•-;? It + t +t}'»' 
»D-^ It + t + tp 

-vHch expression is analogous to that in Article 48, and shows 
that in this case also, when m is infinite, that is, when the weight 
is uniformly distiibuted, the deflection is as the weight and cube 
of the length, or as the square of the length and element of deflec- 
tion, because the expression then becomes 

mD = -7- a. 

But in order to compare the real quantity of deflection in this 
case with that of the former, it must be observed, that the weight 
being the same, the strain on the beam will, in the first instance, 
be double what it is in the second ; and the element d in the 
farmer will be double d/ in the latter, or d' = | d. Substituting, 
therefore, \ d for d\ our expression 



^* m« 



fli D = "T" <^'» becomes — d ; 



whereas in the former case it is — d ; therefore the beams being 

of the same length, the deflection, when the weight is all collected 
^ the extremity, is to that of the beam equally loaded throughout 
^ length with the same weight, as 



m' . m' 



o d :-^ d, orajtSioS, 
8 o 

The expression for the elasticity in this case will therefore be 
"jy = E, the same constant quantity as before. 

The principles of investigation given in Art. 49, are equally 
applicable in this case. 

61, In the preceding investigations the deflections have only 

oeen considered with reference to beams fixed at one end : let us 

^w endeavour to investigate the same, on a supposition of their 

being supported at both ends. In order to which, it may be 

observed, in the first place, that whatever weight is just sufficient 

to break a beam fixed by one end in a wall, the same weight may 

be borne at the other end of it (the arms or levers being supposed 

of equal length), if the wall were removed, and the beam merely 

•npported on a fulcrum, or prop, in its middle point, as in fig. 3, 

I^ IL, the tension in both cases being the same ; just as a line 
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passing over a pulley, and loaded at each end with an equal 
weight, has the same tension as a single fixed line loaded with 
only one of those weights ; and what is here stated of the ultimate 
degree of tension, is obviously true of any quantity of it : that is, 
whatever tension the fibres may have in the former case, they will 
have precisely the same in the latter. 

Again, the beam F 1 1^ F*, fig. 3, is similarly situated, at least as 
far as our present question is concerned, with regaixl to the strain 
upon it, and thei*efore to its deflections, as the equal beam F I FT, 
fig. 4 ; whether we consider the latter to rest against a fulcrum at 
C, and to be strained by the two weights W, W passing over the 
pulleys Q, Q' ; or, as being supported on two fulcrums, F, F', and 
loaded in the middle with the weight P, equal to the two wei^te 
W,W'. 

Hence, then, we conclude, that the deflection of a beam fixed at 
one end in a wall, and loaded at the other, is equal to that of ^ 
beam of twice the length, supported at both ends, and loaded i^ 
the middle with a double weight ; that is, the strain being tl>^ 
same in both cases : consequently, when the weights are the sait^^* 
the deflection in the first instance is to that in the second as 2 : 1 ^ 

And when the length and weight are both the same, the defler^^ 
tions will be to each other as 1 : 16. For the strain will be foi-^ 
times greater on the beam fixed at one end than on that support^^ 
at both ; and therefore, all other things being the same, the el^^ 
ment of deflection will also be four times greater : also, the entii^ 
deflection is as the element of deflection into the square of th - 
length ; and, according to our supposition, the length is double ^ 
whence, upon the whole, it appears that the deflection in the on^ 
case is to that in the other as 1 : 4 x 4, or as 1 to 16. 

The same formula will, therefore, apply in this case as in Art. 47 

viz., -g-^=E, a constant quantity ; observing only, that the valu^ 

of £ is here sixteen times greater than in the former. 

62. When the weight is distributed throughout the length o0i 
the beam, instead of being all collected in the middle, it is 
known mechanical principle, that the strain on the centre will be 
the same as it would be with half the entire weight collected in 
that point ; and consequently, the element of deflection in the 
same place will also be one-half of what it would be if the whole 
weight was collected there. 

But now, in order to compare the strain and consequent deflec- 
tion at any other point, D, fig. 9, Plate II., we must first observe, 
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that the resistance of the fulcrum at B is constant ; and therefore, 
that the strain at D, as arising from that resistance, will be found 

as follows ; viz., CBiDB: df : -n~g~ = ^^^ element of deflection 

at D, as arising from the resistance at B ; d' denoting the deflec- 
tion at C. 

But the point D has a further strain to sustain, and consequently 
a further deflection, arising from the weight of the part between 
C and D. Now this weight will be to the whole weight W as C D 

to AB, or 2CB;thatis, 

CD . W 



2 B : C D : : W : 



2CB 



Consequently, the deflection arising from this strain, as referred 
towards B, will be 

CB«:ODxBD::(r: ?^^?- cT. 

Whence the entire deflection from the tangent of the curve at 
the point D will be 

DB^ CD . DB^ (C B + C D) P B , 
BC^-*" "BC^ ^" BCi ^• 

A^Hiich deflection, referred to the perpendicular B F, will be 

(C B + C D) D B« 

BC« "*• 

If, now, we denote C B by iw> and D B by n, in which case C D 
'^s m — n, the above will become 

(2 m - n) n* ,, _ 2 w n» - n' ^ 

^^^d, by giving to n the successive values, 1, 2, 3, &c., as in our 
Pi'eceding investigations, and summing the resulting series, or by 
fielding the value of 

'^hen x = 7n,we shall have for the entire deflection, 

B c = 1^ d'. 

12 

But it has been shown, that in the former case, where the weight 

^ all collected in the middle, the deflection is -^d ; and, therefore, 

since d' ^^d, the deflections in the two cases will be as | : ^, or 
8to6. 
Now it has been seen, that when a beam or rod is fixed only at 
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one end, the deflection, when the weight is uniformly distributed, 
is to the same when that weight is collected at the extremity, aa 
3 to 8 : whereas we have found above, that when the beam is 
supported at its ends, the deflections in the like cases are to each 
other as 5 to 8. 

Whence, if a long rod or plank is, in the first instance, sup- 
ported in the middle, and the ends be deflected; and, in the 
second, the ends are supported, and the middle left to descend, the 
deflection in the latter case is to that in the former as 5 to 3. 

Of the Deflection as depending on the Breadth and Depfk 

63. In the preceding investigations we have supposed the beams, 
although of difierent lengths, to be all of the same breadth and 
depth ; or, as opposing equal resistance : when these dimensioDi 
are not the same, the resistance is as the breadth and square of 
the depth. Art 43 ; and, therefore, when the weight is increased in 
that proportion, the quantity of extension will, by hypothesis, be 
the same, the length being here supposed constant ; but, by ft 
reference to fig. 2, Plate II., it will appear, that the extension oC 
the fibre b A being supposed constant, the angle 6 n A, or H A F*^ 
(which is equivalent to what we have denominated the element of 
deflection,) will be inversely as C A, the depth of the beam. 

Hence with the same weight the deflection will be inversely a^ 
the breadth and square of the depth into the element of deflection,, 
which is itself inversely as the depth. Hence, everything else 
being the same, the deflection will vary inversely as the breadth 
and cube of the depth ; but we have seen that when the breadth 
and depth are constant the deflections are as the weight and cube 
of the length ; therefore generally, if I denote the length of a beam, 

6 its breadth, and d its depth, also W the weight with which it is 

P w 
loaded, the deflection will vary as ^ ' ^ ; and if, therefore, we 

denote the deflection by b, 

Z»W 

V » g = B, a conttant quantity, 

64. This is a conclusion which necessarily arises out of the above 
investigation, but being at variance with the experiments of M. 
Girard, which are very numerous, I was a little surprised at the 
result thus obtained, and re-examined my investigations, imder an 
impression that some error had crept in, and escaped my observa- 
tion. At length, not being able to discover any, I referred to the 
experimental results, the greater part of which were in favour of 
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tion of the 6-feet beams answering so very nearly to the cabe, or 
to eight times that of the same at 3 feet. With r^ard to the deflec- 
tion being inversely as the cube of the depth into the breadth, 
that is, inversely as & cP : Ifd, or as 6* : d\ in the above experi- 
ments, this also is confirmed as far as the comparison can be made^ 
but the difference in these two dimensions is not so great as in 
the lengths, and therefore the results, perhaps, not so conclusiva 

M. Oirard makes the deflections inversely as & (2" : &* (2 ; that ii^ 
in the above cases, asb : d, which by no means agrees with the 
above results : the discrepance will, however, be best seen by com- 
puting the deflections ; first of the long beam from that of ike 
shoi*t one being given, and comparing them with those determined 
from experiment ; and then computing the deflections of the beams 
in the direction of their least depth, from those given for their 
greater. 

Deflectioii Deflactloin 

Deflflctkn 

fromezp** 

limentai 

•68 

. ... 1-00 

■■■ 1 *So 

... 1-91 

... -72 

. ... 1-05 

, ... 1*80 

... 2-00 

, ... •es 
... -ye 

... 1-25 
... 1-81 

It only requires a comparison to be made between the last 
column and the other two, to decide which of the two formula 
best agi*ees with the actual state of the beam's deflection. 

66. The above are obtained from a comparison of the lengths 
of the beams : let us now make a similar comparison, as depending 
upon their depth and breadth. 















Deflectioii 


Deflactloin 




Feet 






Ibt. 




computed 

•cooralngto 

M.Ginrd. 


frompro- 
oedinff 
formiuio. 


No. 1. 


6 






120 




... -86 ... . 


... ^72 




6 






180 




... -48 ... . 


... ^96 


No. 1. 


6 






120 




... -76 ... . 


... 1-52 




6 






180 




... 112 ... , 


... 2*84 


No. 2. 


6 






120 




... -40 ... . 


... -80 




6 






180 




... -60 ... , 


... 1-20 


No. 2. 


6 






120 




... -72 ... 


... 1-44 




6 






180 




... 1-12 ... 


... 2-24 


No. 8. 


6 






120 




... -28 ... 


... -66 




6 






180 




... -44 ... 


... -88 


No. 8. 


6 


^ 




120 




... -64 .. 


... 1-28 




6 






180 




... -94 ... 


... 1-92 









Deflection accord- 


Deflection from 


Defleetion 








ing to M. Oirard. 


the formnlB. from experi 




Feet 


lbs. 


Defl. o» _L Defl. » ^ 


ment. 








bd* 


bd* 




No. 1. 


8 ... . 


.. 120 


^12 ... . 


... -16 


•19 




8 ... . 


.. 180 


-16 ... 


... -21 


•28 


No. 1. 


6 ... . 


.. 120 


-91 ... 


... 1-21 


1-88 




6 ... . 


.. 180 


1-88 ... . 


... 1-77 


1^91 


No. 2. 


8 ... . 


.. 120 


-13 ... . 


•18 


•18 




8 ... . 


.. 180 


-20 ... 


... -27 


•28 


No. 2. 


6 ... . 


.. 120 


-96 ... 


.., 1-28 


. 1^80 




6 ... . 


.. 180 


1-40 ... . 


.. 1-87 


2 00 


No. 8. 


8 ... . 


.. 120 


-09 ... . 


.. ^12 


•16 




8 ... . 


.. 180 


15 ... . 


... -20 


•24 


No. 8. 


6 ... . 


.. 120 


-87 ... . 


... 1-16 


. 1-25 




6 ... . 


.. 180 


1^28 ... 


... 1-71 


. 1-85 
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Here, again, the agreement between the last column and the 
preceding one is so near, in comparison with that computed accord- 
ing to M. Oirard's principle, as to leave no doubt concerning the 
legitimacy of our formulae. 

Still, however, I was desirous of further proof, and therefore pro- 
cared three pieces of very clean fir, free from knots, 10 feet 6 in. long, 
3 inches deep, and 1^ inch in thickness, and an ivory scale very 
accurately graduated into 40ths of an inch, which was now fixed 
to the batten, instead of the scale of lOths of inches hitherto 
employed; by which means the deflections could be accurately 
observed to within about V<r^h of an inch. 

One of the beams was laid on with the props 9 feet apart, and 
tbe weights gradually added till the deflection was 27 of the equal 
parts on the scale : I then unloaded it, and set the props 6 feet 
asunder, and applied again the same weights, and the deflection 
was exactly eight divisions. 

Now, in case of the deflections being as the square of the length, 
we ought to have had 

»« : 6« : : 27 : 12 

for the deflection at 6 feet. But if the deflections were as the 
cubes, 

9» : 6» : : 27 : 8, 

P^eci8ely the same as it was found to be by the experiment. 

The props were then brought to the distance of 3 feet, and 
^e same weights being used, the deflection was exactly -^th of an 
^ch, or one division : whereas it ought, according to M. Girard, to 
We been -^Sths, or three divisions. 

The second batten was now laid on at 9 feet, and brought to a 
deflection of 40} divisions ; the same weights brought it at 6 feet 
to 12^ divisions, and at 3 feet to Ij^ ; whereas if the deflections had 
been as the squares, they ought to have been 18 and 4} re- 
spectively. 

67. The third beam was deflected to 54 divisions at 9 feet, and 
the same weights brought it to 16} at 6 feet, and to 2 divisions at 
3 feet, instead of 24 and 6, as required by the law which M. Oirard 
bad deduced from his experiment& 

I next tried each of the pieces again at the distance of 6 feet, 
laid in the contrary way, viz., with their least thickness vertical ; 
and placing on each the same weights as had been before employed, 
the deflections were, for 

No. 1 . . . .82 diriidonB. 
No. 2 . . . 48 ditto. 

No. 8 . . .64 ditto. 
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Which show that the deflections were also as the cubes of fhe 
depth into the breadth, and not as the square ; for bad that law 
obtained, these deflections would have been 16, 24, and 32. 

68. After the preceding experiments were gone through, I 
made the following scries on the same battens, and have computed, 
in every case, the value of the constant quantity, which we may 

call the elasticity, E, from the formula . ^ =E, the reduced 



mean of which is E = 5317610, whence we have 



f» w 
b d* 9 



= 6317610, 



from which any one of these five quantities may be found when 
the other four are given. 

59. Tahh of tJU' D^fUcUom of Fir BaUem, 



No. 1. — 8 ioehes deep, 1 4 inch thick. Sp. gr. 584. 


i 

.a 

I 
1 


DeflecUonB at 


Computed vshM oT B s ^^ 


McsnTiIuts 
of S. 


10 ft. 


8 ft 


Oft 


10 ft. 


8 ft. 


Oft. 


70 
120 
135 
150 
lfi5 
180 


0-65 
105 
1-18 
1-30 
1-44 
1-57 


081 
0-51 
0-57 
0-64 
0-71 
0-77 


16 
0-26 
29 
0-31 
0-35 
0-374 


4594960 
4876144 
4881184 
4922960 
4888888 
4893288 


4918816 
5189843 
5227256 
5195848 
5076736 
5094816 


4838512 
5104296 
5148144 
5333328 
5213624 
5308144 


5047599 


No. 2. — 14 inch deep, 8 inches thick. Sp. gr. 558. 


1 8ft 


ft 


4 ft. 


8 ft. 


Oft 


4ft. 




35 
50 
65 
80 


•625 
•825 
112 
1-36 


•275 
•400 
•525 
•625 


•075 
•112 
-150 
•180 


4893300 
5295800 
5071300 
5140100 


4691800 
4608000 
4564100 
4718600 


5097200 
4876200 
4723400 
4855600 


4877950 


No. 3. — 3 inches deep, I4 inch thick. Sp. gr. 640. 


70 
120 
135 
150 
165 
180 


10 ft. 


8 ft. 


Oft. 


10 ft 


8 ft 


Oft 




•501 

•875 

1-000 

1125 

1-237 
1-350 


-275 
•467 
-525 
•687 
•640 
•700 


•114 
-195 
•220 
•242 
•265 
•287 


5961400 
5851400 
5760000 
5688900 
5691300 
5688900 


556060D 
5613400 
5617400 
5582300 
5619100 
5617400 


5658900 
5671400 
6655300 
5712400 
5751300 
6780100 


5698427 


No. 8. — vis. the same beam, 1^ inch by 8 inches. | 




8ft. 


0ft 


4 ft 


8 ft 


Oft 


4 ft 




85 
50 
65 
80 


-55 
•775 
1-02 
1-50 


•237 
•327 
•425 
•512 


•70 
1-00 
1-25 
1-50 


5560600 
5637500 
5632900 
5867000 


5444100 
5707100 
5708600 
5832000 


5461300 
5461300 
5679800 
5825400 


5651466 


Mean . . . . B = 5317610. 
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60. As a further confirmation of the preceding deductions, the 
following, from M. Dupin's experiments, may be added, which I 
had not seen when the above was written. The pieces on which 
M. Dupin's experiments were made, were 2 metres in length, 
and of various lateral dimensions, viz., 1, 2, and 3, &c. centimetres, 
to a decimetre in the squareage ; they were performed with care, 
and conducted with great ability. 

61. The following are some of the principal theorems which 
this author has drawn from his experiments Mid investigations, as 
coimect^d with this part of our inquiry ; viz. 

1. The deflections of the same beam resting on props at each end, 
and loaded in the middle with small weights, are as those weights. 

2. When the same piece is rested on props at the same distance, 
and loaded at its middle point with different small weights, these 
weights are reciprocally proportional to the radius of curvature 
at that point; and the curvature itself is consequently propor- 
tional to the weights. 

3. The deflection is, ccsteria paribus, inversely as the cube of 
the depth ; also the depth being the same, the deflection is in- 
versely as the breadth. 

4. The deflection is, therefore, cceteris paribus, directly as the 
cube of the length. 

From which it necessarily follows, agreeably to the preceding 

p w 
deductions, that r-^j^ = a constant quantity. 

5. M. Dupin also demonstrates, experimentally, the ratio which 
has been stated between the deflection of beams supported at each 
end and loaded in the middle, and the deflection of the same when 
the weight is uniformly spread; at least his experiments give 
residts approximating towards that ratio ; viz., experimentally he 
has found it to be as 19 : 30, while the theory required the ratio of 
5 to 8 ; or reducing both to the same antecedent, the first is as 95 
to 150^ and the second as 95 to 152, which is as nearly correct as 
it is possible to expect, considering, in the first place, that it is 
impossible practically to distribute the weights so as to have them 
perfectly uniform; and in the second, that the investigation 
belongs only to infinitely small deflections ; while experimentally 
they are rendered sufliciently obvious to be submitted to actual 
measurement. The same author has found various other inte- 
resting results ; but we cannot allow any further abstracts in this 
place. 

62. It is important to observe, before concluding this chapter, 

X 2 
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that all the foregoing investigatioDS have been made exclusively 
with reference to rectangular beams, and that they must only be 
considered as being applicable to that form ; for, notwithstanding 
we have throughout made our deductions from a comparison of the 
depths, breadths, &c., it is obviously not the depth of the whole 
beam, but that of its neutral axis, on which the deflection depends; 
but as the latter, in rectangular beams, is always as the whole 
depth, we may use the one for the other indifferently, and we 
made choice of the latter for the sake of simplicity. 

Practical BeduLCtiona, 

63. The following practical deductions flow immediately from 
the preceding investigations, and with them we shall conclude this 
chapter. 

1. It has been shown, that the successive deflections are directly 
as the weight and cube of the length, and reciprocally, as the 
breadth and cube of the depth, or that when the beam is fixed at 
one end, and loaded at the other, 

When fixed at one end uniformly loaded (see Art 47), 

3/»w - ^, 

^ , - ^ = B, the same oonstant. 

When supported at both ends, and loaded in the middle, 

P W 

= E, tbe same constant. 
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2. And hence it follows, that in order to preserve the same 
stiffness in beams, the depth must be increased in the same pro- 
portion as the length, the breadth remaining constant. 

3. In square beams of different lengths, the stiffness will be the 

same, when 8T is as Z, 8 being the side of the square, and { the 
length. 

4. If the depth is given, the stiffness will be the same when b is 

as P, or when bi is as I. 

5. The deflection of different beams arising frt)m their own 
weight, having their several dimensions proportional, will be as 

P W 

* It may be proper to obserre, tbat tbe original expression is . ,,g = E, a conatant ; 

P W 
of course ^ „ , -^ E, is constant also : and we prefer tbe latter expression, for the sake 

of simplicity. 
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pieces of timber on which they were made ; many of them having 
been from 20 to 28 feet in length, and from 4 to 8 inches square. 
This philosopher was furnished by the French Government with 
ample funds, and every necessary means for carrying on his experi- 
ments on a grand scale ; and he discharged the duty thus imposed 
upon him in a manner highly creditable to himself, and to the 
satisfaction of the Academy ; but he did not, perhaps, possess the 
mathematical knowledge necessary for making the best use of his 
results. His experiments, however, are not the less valuable ; as 
they are, no doubt, faithfully related, and furnish a sound founda- 
tion for the establishment of a correct theory. 

He commenced his operations, with Du Hamel, on pieces of 
small dimensions ; and tried them in succession from the heart to 
the bark of the tree, and from the root upwards. From these 
experiments it was found that the heart was the densest, that the 
density decreased thence to the circumference, and that the 
strength decreased also in nearly the same proportion. 

He also made trial of the proportional strength of battens, 
accordingly as they were laid, with the annual layers, vertical or 
horizontal, and found a difference in the strength, in these two 
cases, nearly in the ratio of 8 to 7 ; the difference, no doubt, arising 
from the cohesion of the layers with each other being considerably 
less than that between the fibres themselves. Some experiments 
have been referred to, in Art. 13, to show the quantity of this 
lateral cohesion, although it must be allowed to be rather a subject 
of curiosity than utility ; for large beams, whose strength it is the 
most important to be acquainted with, commonly occupy the 
whole, or nearly the whole, section of the tree. 

M. Buffon foimd likewise, that oak timber lost much of its 
strength in the course of drying, or seasoning ; and therefore, in 
order to secure uniformity, his trees were all felled in the same 
season of the year, were squared the day after, and experimented 
on the third day. Trying them in this green state, gave him an 
opportunity of observing a very curious phenomenon ; namely, that 
when the weights were laid briskly on, nearly sufficient to break 
the log, a very sensible smoke was observed to issue from the two 
ends, with a sharp hissing noise, which continued . all the time the 
tree was bending or cracking. 

This philosopher, as above stated, drew no important conclusions 
from his experiments : he seems to have had in view no favourite 
theory, either of his own or of any other writer, and was therefore 
free from any bias, or any desire to accommodate his experiments 



8TBEKGTH OF TIMBEB. 

TABLB-^MitoiMd). 



Bta. 


BkUrfMlur,. 


Unctb. 


W«4gtarth. 


t]»iil<« 


en 


Ib ' In 


tDtMt«d 


Id 




Id 












■-*- 




'"**■ 


kUggn. 


InftL 


M.^ 


iDC^ 


3S 






7 


S 


2-2732 1 138-27 


62-85 


20715 


9116 




38 






7 





2 2732 129-68 


68-93 


30089 


9122 




37 






8 


e-fl 


2-6979 160SS 


72-88 


16894 


7679 


3 -El 


38 






8 


8-8 


2-69:9 167-U 


71-41 


16517 


7508 


S-G: 


39 






a 


-■7 


2-9227 179-63 


81-19 


14473 


8579 


2-8 


<0 






9 


7-7 


2-922T 177-02 


SO -48 


13607 


8285 


2-ft 


«1 






10 


8-6 


3-2473 1 202-30 


91-98 


12347 


6612 


3-2 


i3 






10 


8-5 


3-2473 ' 20018 


91-00 


11863 


6392 


3-7 


a 


8-43 


-1824 


13 


10-3 


3-8969 1 24104 


109-66 


9900 


4500 


*-2i 


U 






12 


10-3 


3-8969 23T'82 


108-10 


9684 


4403 


*-3; 


46 






15 





4-5464 ' 274-40 


124-73 


8016 


3614 


4-81 


M 






15 





4-546t 1 27388 


]2(-24 


S070 


3668 


1-S: 


*T 








1-7 


6-1P59 


316-37 


113-80 


6726 


8057 


£-8: 


43 






17 


1-7 


5 1859 


315-39 


143-32 


6967 


3167 


6-2. 


19 






19 


3-4 


5-8453 


359-42 


183-37 


6052 


2751 


7-9 


SO 






19 


3-4 


6-8463 


156-18 


161-90 


6918 


9690 


9-l< 


fil 






31 


6-1 


6-4946 


406-69 


184-40 


6406 


3457 


101' 


S-2 






21 


6*1 


6-4946 


403-53 


183-43 


S2I6 


2384 


9-1 


G3 






8 


83 : 2 5979 21S-52 


100-00 


2SU0 


12791 


2-9 


H 






8 


6-8 


2-6979 219-59 


100-00 


37926 


12693 


a-6 


S6 






9 


7-7 


2-B227 


244-S8 


111-03 


24535 


11153 


8-3 


6S 






9 


7-7 


2-9-2-:7 


242-12 


110-05 


23562 


10712 


3 1 


67 






10 


8-6 


3-2473 


273 33 


184-24 


21U5 


9611 


2-7 


68 






10 


8-6 


3-2473 


STllS 


128 as 


20T89 


9440 


3-2 


59 






12 


10-3 


3-8969 


324-e8 


147-73 


18078 


8217 


3-1 


60 






12 10-3 


3 8969 


323-60 


147-23 


16733 


7606 


8-5 


61 


7-5 


-1S94 


16 


0- 


4-5(64 


382-01 


173-84 


14634 


6852 


4-4> 


82 






15 


0- 


4 -.1461 


377-72 


in 68 


138-23 


6285 


4-0 


es 






17 


1-7 


5-1959 


438-90 


198-59 


11914 


6429 


61 


fl4 






17 


1-7 


5 1959 


433-67 


197-12 


11729 


6331 


6-8 


es 






19 


8-4 


6-8453 


489-55 


222-07 


10163 


46-22 


6-81 


e« 






19 


8-4 1 G'8153 1 46S-SS 


2*2-07 


10113 


4597 


8-3 


87 






21 


6-1 6-4948 ; 653-45 


247-01 


9200 


4182 


8* 


68 






21 


C-1 1 6-4948 1 664-65 


247-50 


8603 


3913 


p-li 


69 






10 


8-5 


3-2473 


356-19 


161-90 


29918 


13508 


3-2 


70 






10 


8-6 


3-2473 


356-19 


161-90 


2S709 


13049 


S-4 


n 






12 


10 3 


3-8909 


427-22 


194-19 


24610 


11190 


3-2 


72 






12 


10-3 


3-89')9 


42S-60 


193-45 


23654 


10750 


31; 


73 






15 


0- 


^5^6i 


406-08 


226-49 


2IS76 


9807 


4-11 


74 


8 67 


-3165 


15 


0- 


4 '5464 


493-83 


224-51 


20894 


9533 


3-3! 


75 






17 


1-7 


5-1959 


664-06 


268-80 


18078 


8217 


6-6; 










1-7 


5-1959 


563-88 


206-31 


17163 


7B01 


4-0 








19 


8* 


5-8463 


639-21 


200-65 


14526 


6608 


4-b; 


73 






19 


8-4 


6-8453 


638-53 


200-06 


13801 


6309 


4-s: 


79 






21 


6-1 


B'4946 


712-34 


323-70 


1^670 


6759 


8-91 


80 






21 


6-1 


6-4B48 


710-23 


322-93 


13128 


5067 


6-i; 



It has been observed, that the preceding Table may I 
sidered as fumishiDg the most useful results, relative to the 
verse streogth of oak beams, of any hitherto made public ; 
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regard practical precedent and theoretical data; but, with 
nee to the former, the engineer must bear well in mind the 

state of the wood when the experiments were performed, 

adds much to its strength, on account of the fibres in that 
Dffering a much greater resistance to compression than when 
tnber has been well dried and seasoned. 

come now to more recent experiments. 

A knowledge of the strength and elasticity of timber being 
tB of the highest importance in the construction of ships, &c., 
luireyors of His Majesty's Navy have, at different times, 
id experiments to be made, directed to this object ; and they 
in the most handsome manner supplied me with every infor- 
Q they were in possession of, relative to these inquiries ; a 
rfor which I am equally indebted to the liberal views of 
gentlemen and to the friendly interference and recommenda- 
f John Knowles, Esq., Secretary to that Board, through whom 
t solicited. 
3 foUowing Table contains the restdts of experiments carried 

the dockyard at Deptford, by Colonel Beaufoy, on English 
)antzic oak, Riga fir, and pitch pine. The several pieces were 
S feet long and 2 inches square, fixed at one end in a mortise 
i length of 1 foot, so that the part projecting was 4 feet ; and 
eight was hung on at that distance from the fulcrum. The 
7-five pieces of Dantzic oak were cut from the same tree, of 

the mean specific gravity was 854. The several pieces of 
Gr were also all from one tree, of which the mean specific 
y was 537 ; as were those of pitch pine, but the specific 
y is not stated. Of the English oak, the first six pieces were 
one tree, of which the specific gravity was 922, and the other 
en from another ; the latter very irregular and cross-grained, 
ts weight is not given : nor do I find any indication of the 
ukr weight of each piece, nor the situation it occupied with 
1 to its distance from the heart or centre. It is simply 
1, that the last piece of oak was the heart of the tree, and 
t was the weakest. 

e deflections were measured in degrees and minutes, on a 
lated arc of the same radius as the beam, viz., 4 feet, and 
taken as every 141bs. were put on : we have given, however, 
the mean, the last weights, and the corresponding deflections. 
pears from all these experiments, that the deflections are very 
f in the ratio of the weights, till about one-half, or a little 
ban one-half the weight, is laid on, after which they become 
rapid, and very irregular. 
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lese experiments furnish the absolute and comparative 
igth of the four following woods, viz. : 

f Dantue oak . 167 lbs. . 8p. gr. 854 

Riga Fir * . 202 Iba. . . . Sp. gr. 537 

Pitch pine . 272 ttn. . . 8p. gr. 

Bngliah oak . 258 fts. . . . Sp. gr. 022 

Ditto. . . 211 lbs. 

:her experiments were made by the same gentleman on 
ms of 2^, 2^, 2|, and 3 inches square, and of the same length, 
particulars are not stated ; but it appeared from them, that 
-atio of the strengths a littie exceeded the ratio of the cubes of 
ddes. 

J. Other experiments were also made upon pieces of the same 
msions, spliced and fixed in different ways : the acarph in all 
em was 12 inches long and 13 inches from the end, viz. about 
ich from the fulcrum. The results were as follow : 

Scarph JUUmse, large end i No. 1, nails drew through the small 

uppermost^ and towards < end of the searph . .104 lbs. 
the fulcrum . . ( No. 2, ditto 98 fts. 

towards the fulcrum • ( No. 2, ditto . . . . . »0 lbs. 

•om these experiments it is inferred, that the two former 
ions of spliced pieces are preferable to the last. 
). The following experiments were made under the same 
ority, by Messrs. Peake and Barrallier. 

is necessary, in order that the reader may properly under- 
1 the results contained in the fourth, fifth, and sixth columns 
le following Table, to explain the nature of the appai*atus by 
:h these several pieces were submitted to experiment. An 
pillar, 12 inches square, had a hole of 2 inches square cut in 
)r the purpose of receiving the end of the batten, the pillar 
f being securely fixed, between the principal floor-joist and the 
)eam, in the mould-loft in Woolwich dockyard ; and a semi- 
alar piece of oak, of 6 inches radius, was well fixed to the 
dpal pillar, to prevent the batten from crippling at its lower 
. This semicircle was divided into inches and parts, and as 
weights were successively applied, the batten was deflected, 
in some measure bent over this arc ; and the numbers in the 
mns above mentioned show to what extent this bending took 
e. 

BUIT bo proper to obserre, that No. 13, in Col. Beaufoy's Report of the Ripi flr, was yerj 
iluv asriog been broken with only 98 Ibe. : thie experiment ia therefore rejected, and its 
is Wipplied with Experiment No. 26. It may also be farther stated^ that the above mean 
ti an ttrtaJmH by dmdUng the som of all the breaking weights by the number of them. 
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As to the numbers in the other colunmB, they will be 
understood, from the descripUon given at their heads 
Table ; — the first showing the number of the ezpeiimen' 
second, the number of years the pieces had beeu in stoi 
third, the specific gravity ; the fourth and fifth, the part of 
which came in contact with the batten, with 5C lbs. and ] 
respectively ; the sixth, the contact which remained after rei 
tbe last weight ; the seventh column shows the whole curvatu 
eighth, the weight under which tbe piece crippled ; the oin 
weight under which it broke ; and the tenth contains sundry rt 

70. TdbU 1^ Eiptnmma im Riga Fir Batlnu, 2 intku tquart, fixed at mu 
Iht leaglil acting at Bftttfnm tJ>t ftiUrvm. 
tfele. — Then [unai win >U kept dry. 
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71. The preceding Table furnishes the following means, viz. : — 
each bar being 

YirigoiA yellow pine 189 „ „ 558 

Pitch pine . . 256 „ „ 777 

Canadian wlute pine 109 „ „ 678 

Lazvh . . . 150 „ „ 540 

BanUio ditto . .156 „ „ 648 

Aah . . . . 217 M M 782 

Teak . .264 „ „ 639 

It may be remarked, that the strength of pitch pine, according 
to these experiments, exceeds very considerably what was found by 
Colonel Beaufoy; while that of the Riga fir, taking a mean 
between the wet and dry, is exactly the same in both : but it is to 
be observed, that in the experiments by Messrs. Peake and 
Baxrallier, the bending of the pieces over the arc, as above 
described, shortens the ultimate radius ; and therefore they ought 
to be stronger than with the uniform radius of 5 feet : consequently 
^^ specimens of Riga fir in these experiments were really weaker 

tiian those of Colonel Beaufoy, although they apparently agree 

^ilh each other. 

Experiments on TriamgvZar Oak Bea/ms, &c., by Mr, Couch 

72. In a preceding chapter, we have given the detail of several 
Valuable experiments by Mr. Couch, of Plymouth Dockyard ; and 
tie two following Tables are due to the same gentleman. They 
Exhibit the detail and results of experiments on the lateral or 
transverse strength of triangular prisms of Canadian oak, the 
Sections of which were equilateral triangles, the sides being 3 
inches ; and also on some pieces reduced to the form of trape- 
zoids, by cutting oflF the vertex, or upper angle, to one-third of the 
depth. 

The short pieces, viz. those 3 feet 3 inches, Table I., were fixed 
l>y one end horizontally in a 3-inch mortise ; the others, as given 
in Table IL, which were 6 feet 6 inches, were fixed at each end 
into 3-inch mortises, so as to prevent the ends from rising ; and in 
both cases they were so well fitted as to require slight blows of the 
mallet to drive them in. 

These experiments were made in order to obtain data connected 
with mast-making, and to ascertain how far the commonly received 
notion was correct— namely, that if the vertex, or upper edge of a 
triangular prismatic beam, be cut off to one-third of the depth, the 
pieces will be stronger than before ; or, in other words, that a part 
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opposes more resistance than the whole ; — ^which afiserti< 
anticipated, was satisfactorily contradicted by the foil 
results. 

These experiments are also very conclusive on another 
viz. that the strength of triangular prisms does not follow th 
laid down either by Leibnitz or Galileo ; for, according t 
former, the weights required to break a beam of this kind, wi 
base upwards, ought to be three times greater than in the r€ 
position ; and according to the latter, it ought to be double, 
the mean of the first seven experiments is 306, and of the 
four 348 ; which is very far from the weight required in eitl 
the above theories. 

TABLB L 

73. Sxperimentt on TriangtUar Oak Beamt, hy Mr. B, Couek, Pieeei Zfeei t 
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76. Tbe following Table exhibits the detail aod results of 
experiments carried on also by Mr. Couch, on the lateral or trans- 
verse strength of Kiga, Norway, and Hali&x spars ; as also on 
^eces of timber wrought to the shape of the said spars (viz., frus- 
tums of conea,) converted from large logs of red pine, yellow pine, 
*»d oak, all the growth of Canada. 

The spars and other pieces were all of the same dimensions, viz., 
^ feet long, S^ inches diameter at the butt, and to the distance of 
S feet from the butt : the upper end was IJ inch in diameter. 

Tbey were fixed by the greater end horizontally into a mortise, 
^ prop or fulcrum being 5 feet from the butt ; and the weights 
Were placed 1 foot from the smaller end, leaving a lever or 
porehue of 21 feet 
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TABLB ni. 

76. ExperimenU on Riga, Norway, and Halifax Span, Red and Tdlow Pine, Ar. 

by Mr. Couch, 
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The experiments which have been now detailed relative to th^ 
transverse strains, ai*e, it is presumed, all that are historically^ 
deserving of any particular notice in this place ; we shall, there- 
fore, now proceed to describe the experiments from which the data 
given in a subsequent part of this work have been obtained. 

Experiments viade at the Royal Military Academy. 

77. The foregoing were the principal experiments which had 
been made on the strength of timber, when I undertook to enter 
upon an investigation of this subject. They each furnished certain 
results ; but there was no attempt at generalising and connecting 
one set of results with another, by certain rules. Some rules, 
indeed, were to be found in diflFerent authors ; but they differed in 
most cases the one from the other, not only numerically, but in 
principle. My object, therefore, has been to endeavom* to examine 
these points of difference by independent and distinct experi- 
ments, and ultimately to furnish such practical rules as might be 
had recourse to by practical men. 
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An Explanation of the Method of making the Experiments on 
the Transverse Stress and Strength of Battens of different 
Woods, with a Description of the Apparatus, &c. 

78, These experiments may be divided into four classes, viz., 

1st, When the battens were supported on two props, as shown in 

Plate IV. 2ndly, When they were fixed horizontally, with one end 

in a wall, as in fig. 3, Plate V. 3rdly, When they were fixed at any 

given angle, as shown in figs. 1 and 2, Plate V. ; and, lastly, When 

both ends were firmly fixed, as in fig. 4 of the same Plate. 

Plate IV. represents an experiment on a fir batten, A B, 7 feet 
in length and 2 inches square, resting on the two props C D, E F, 
6 feet asunder : the two weights P P are 1 lb. each, and were used 
to keep the fine silk line, to which they were attached, stretched 
m a horizontal position between the props; to facilitate which, the 
line was made to pass over two small brass rollers, one of which is 
Aown at G. By means of this line, and the several small scales, 
'««, &a, each divided into lOths of inches, the deflection of tlie 
batten might be observed with great accuracy ; and in this manner 
tkose given in the detail of the experiments were taken. 
The number of these scales was varied at pleasure ; commonly 
was only one in the centre ; at other times we had from 
4ree to ten, or even more ; and in some few cases a board was 
i^ against the batten, and the curve traced upon it with a 
pencil 

The small ivory scale at H was intended to measure the 
''WJcessive lengthening or stretching of the lower fibres, and was 
ftus adjusted : 

A fine silk line was fixed at the end A of the batten A B, and 
''^'oaght under the whole length of A to B : the scale, which had 
^wo fine steel points attached to it, was fixed by them into the 
^r side of the batten, as shown at H : at the top of the scale 
^ a small brass wheel or roller, over which the silk passed, and 
to the end of this was hung a small semicylindrical brass weiglit, 
^thits flat side towards the scale : two fine grooves were also cut, 
one in each of the brass plates, with which the tops of the props 
CD, EF, were defended, in order to allow the silk line to pass 
freely in them under the piece. 

The batten thus furnished was now rested on the two props, 
^th the line placed so as to pass in the two grooves above men- 
^oned ; and by means of a screw, by which the line was attached 

F 2 
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to the piece at A, the weight at H was adjusted to 0, on the same 
tfcale, which was divided from upwards into 40ths of inches. 

It is obvious now, that after the weights begin to give the 
batten any deflection, the small weight at H will be raised along 
the scale by a quantity exactly equal to the diflference between the 
original length of the bottom fibres and the length to which they 
are stretched at the time of making the observation ; and in this 
manner the stretching of the fibres at several different degrees of 
deflection was measured in a few experiments ; but as it did not 
appear that any useful application of this datum could be made in 
the theory, and as it required a longer time to adjust, &c., it was 
employed, comparatively, but in a few cases. 

It would be useless to enter more minutely into an explanation 
of these experiments, as the process will be obvious from an 
inspection of the Plate : it will be therefore sufficient merely to 
observe further, that the artist has chosen to represent the 
apparatus as if the experiments were performed in the open air; 
and the consequence is, that the props do not appear sufficiently 
steady: they were, however, performed under cover, on a sub- 
stantial floor ; and the trestles or props were made to slide ia 
grooves, and were firmly fixed in them, so as to render the whol^ 
perfectly secure and steady : and to prevent any momentum io- 
loading the scale, this was always made stationary by wedge^^ 
when the larger weights were introduced. 

79. In order to make the experiments on those pieces whicfc^ 
were fixed by one end in a wall, the following means wer^ 
employed. A block of hard wood, A B C D, fig. 3, Plate V., about^ 
18 inches long and 12 inches in breadth and depth, was cut- 
through at about 5 inches from each end, as at a 6 c c?, for the 
convenience of forming a hole 2 inches in breadth and depth, or 
rather more ; the one with the side of the square vertical, and the 
other with the diagonal vertical, as shown in the figure. The 
parts of the block were then screw-bolted together ; and an iron 
socket, exactly 2 inches square on the inside, was made to fit these 
holes very accurately, but so that it might be taken out and put in 
at pleasure : a hole was then cut out of a very heavy solid wall, a 
little larger than the block, into which the latter was fixed by 
means of inverted wedges, whereby the whole was rendered per- 
fectly firm and immoveable. 

The pieces of timber on which the experiments were made were 
2 inches square, and therefore fitted tight into the iron sockets 
above mentioned, the edges of which are sho^vn in the figure ; the 
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ttder side being made slightly curving, to prevent the cutting of 
le lower face of the piece after the weight was hung on : and as 
18 deflection woidd have rendered the scale liable to slip off, an 
on plate, with two studs riveted to it, was screwed on the end of 
18 batten, as shown at E and F, the former being bent into a 
ght angle to fit its upper edge. 

In the same manner the blocks of figs. 1 and 2 were made and 
^ed, differing from the former in nothing except the hole being 
lade to form an angle of 26^ with the horizon ; the first ascending, 
id the other descending. 

Those of fig. 4 were precisely the same as the lower part of 
g. 3, and were fixed into two walls exactly 6 feet asunder. 
Everything being thus adjusted, the scale was hung on, as 
lown in Plate IV., but which, for simplicity, is merely represented, 
1 Plate v., by a single ball W. 

80. It may not be amiss to add, that the walls in which the 
)locks were fixed were not less than 40 feet high, although in the 
Plate they are represented as if they were not above 6 feet ; it 
being thought useless to show them in their full height. 

Such were the means employed for assuring accuracy in the 

results, and which it has been thought right to explain at length, 

in order that the reader may judge of the degree of confidence to 

vhich these experiments are entitled. This has been commonly 

omitted by preceding authors, and has been the subject of just 

complaint by those who would have wished to avail themselves of 

their data for the purpose of theoretical investigation ; so that in 

CMes where a disagreement was found to have taken place between 

the theoretical and practical results, it was always doubtful to 

^hich the error belonged, and was therefore attributed to either, as 

host suited the views of the writer. 

The following are the results of the different experiments made 
on the transverse strain^ arranged according to the dimensions of 
the battens : — 
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EXPERI1IENT8 ON TBANSVEKBE BTREKOTH. 



ObsenxUions reUUive to the preceding Expervmenia. 

67. It is proper here to observe, that the preceding results must 
not be considered as fumishing any data that are appHcable to fir 
in geneml ; for as the object was principally to ascertain the rela- 
tion which exists between the strength and the dimensions of the 
l^eces, the greatest care was taken in selecting the best and most 
petfect BpecimeoB of the kind that could be procured : several of 
ttte planks had been in store for a considerable time, and were 
perfectly seasoned, which accounts for their specific gravities heii^ 
Ids tliEin is usually found for Riga fir and Christiana deals, of 
vlddi the specimens principally consisted. By this means a 
gmter uniformtty was found in the results, and a greater strength 
than is generally due to this kind of wood ; but the results were 
obvionaly so much the better adapted for eliciting a correct idea of 
tie nature of the straining and resisting forces. The medium 
■tfength of Riga fir will be found in the general Table of Data. 
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^^ tNttdbtg oxpflrlmaitB hATiog iliown pnttj ctflftrl; tha illiutlon of Uis HUtivl ftrti ; 
■■.BMIt ma at nbout tth* or tfas dopth of th* MOtlDD ftnm tha bottoni; tbaaa bua, which 
■M |art ot tha •una apHdmau M thoH of tha auna dlmeuiloiu (Art. H), wan out down H 
S* t* "* **" dapth. and the aaw-graai* OUad op b; s thin aUp of pMi-trt*. (ufldantl; 
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TABLE JL—ieonimued). 
97. EzperimenU on Solid and Hollow Ojflinden, iuppoHed at each end. 
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The fir piecos were part of the same plank aa those of 4 feet, given in Art 85. tIx., Kos. S ttd4, 
which was a very fine specimen of Christiania deal, and had beoi in store a conirid«rable tim^ 

Tbo ash cylinders were obviously of a much weaker quaU^ than those of which the dew ■ 
given at Art. 95 ; but the results were very uniform, and they taerefore furnish a good compa^ 
between the strength of solid and hollow cvlinders amongst themselves, although we dOD"* 
compare them with our sqiuu« battens, as uiey were of a much inferi<n' quality to the pc*" 
ceding square pieces. The fir cylinders, on the contrair, furnish no comparison betwoMi ^^fz 
hollow cylinders ; but they may be correctly comp.'u^ with like pieces of the same diuMD"* 
square, being, as stated above, precisely the same wood as Nos. 3 and 4, Art. S5. 

98, Similar experiments to those last described were made on 
battens of elm and teak ; but the results of the latter were so 
irregular, that it would be useless to give the detail of them : i^ 
will be suflScient to observe, that one of the pieces of teak bore 
478 lbs., which was more than equal to the load borne by the adi 
pieces of the same dimensions; viz., 3 feet long by 2 inchc® 
scjuare ; while the other two pieces broke with little more thft^ 
300 lbs., the deflection in each case being about 7 inches : and on^ 
piece 2 feet long, 2 inches deep, and 1 inch in breadth, fixed B^ 
one end, and at an angle of 26° upwards, broke with 422 Ib^-* 
which is considerably more than was found to be necessary i(?^ 
breaking an equal piece of ash. 

The elm battens gave much more uniform results, although th^ 
pieces were found very weak in comparison with those of ash anc^ 
beech. The mean weight which broke the three pieces 3 feet 
long and 2 inches square, was 216 lbs. ; and the mean of the ssam^ 
three pieces inverted and fixed diagonally, was 296 lbs., the latter 
being broken at 30 inches : the mean specific gravity was 570. 
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« 

Remark. — If the same reduction be made here as in the pieces 
of ash and beech, we shall have 

36 : 80 : : 296 : 246, 

which shows that the strength of elm is the same whether it be 
fixed direct or diagonally ; whereas it was found that ash and 
beech were both weakest in the latter position. 

Determination of Practical Data. 

99. It has been observed, that all the preceding specimens of 
wood were selected from deals, planks, and battens which had been 
in store a considerable time, and that only the best, or those of the 
most uniform texture, were chosen for the purpose ; the object of 
the experiments not having been to furnish practical data, but to 
compare, under the most favourable circumstances, the theoretical 
formulse with experimental results. This having been eflfected, 
and the agreement having been found generally perfectly satisfac- 
tory, it became necessary to make another series of experiments 
on woods of more common quality, in order to furnish data for 
practical case& The author therefore applied to the Admiralty, 
and obtained permission to select specimens for experiment, from 
all the timber in store in Woolwich Dockyard ; in which selection 
he was kindly assisted by Mr. Hockey, assistant builder in that 
establishment. 

It has been shown (Art 28), that as regards the absolute 
strength of a beam, we ought to find, 

^ When the bea/m is fioced at one end and loaded at the other, 

a constant quantity for all wood of the same quality, whatever may 
be the length I, the breadth a, or the depth d ; consequently, S 
oiHJe determined, remains the same, and serves for computing the 
'^ngtb of any sized beam of the same wood, or the dimensions 
pecessary to insure a given strength in a given direction. That 
^ of the four quantities, I, a, d, W, any three being given, the 
fourth may be found : thus, 
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When supported at one end and loaded in middle, 
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When the beam is supported at both ends and loaded ( 

intermediate point, 
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In square beams a ^ d — ^ 
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When the beam is fi^ed at both ends and loaded at an 
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When the weight is uniformly distrihuted, the same fonnute 
ill apply; but W in this case will represent only half the 
quired or given weight. 

lOO, Again, it has been found (Art. 63, &c.), using a for b, in 
ference to elasticity and deflection, that 

When a beam is fisced at one end and loaded at the other, 

pw _ 

constant quantity for all woods of the same quality. 

When fixed at one end and uniformly loaded, 

SPW 



SaePi 



B. 



When supported at eack end am^d loaded i/n the middle, 

i»w 



16 ad* 9 



= JL 



When supported at each end and uniformly loaded. 



1 PW ' _ 



E therefore being determined for any given wood, the other quan- 
tities may be found by a proper inversion of these formulae, as in 
tlie preceding cases of strength. These several values of S and E 
We been foimd experimentally on the several specimens as stated 
itt the following Table. 
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Experiments on the Strength of Bent Timber. 

103, In naval architecture it is always necessary to m 

of a great quantity of bent timber. This, as far as can be 

selected out of natural grown pieces, as nearly as possibl* 

required form, and is commonly known in the dockyards 
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term compass timber, which was formerly contracted for at a 
higher rate than that of straight growth ; but both compass and 
straight timber is now, I believe, sent in at the same price. The 
great call for the former, however, during the war, rendered it very 
scarce, and much time and labour were employed in examining 
tie stacks, in order to select pieces proper for each required 
purpose ; and as the pieces, when they could be obtained, gene- 
rallj exceeded the requisite dimensions, much was necessarily cut 
away, and a great difference was always found between the first 
and the converted contents : the pieces were also, frequently, very 
much grain-cut, which necessarily diminished their strength very 
considerably. 

These inconveniences, and particularly the great difficulty in 
obtaining compass timber, led Mr. Hookey, at that time master 
Iwat-builder in Woolwich Dockyard, but now assistant builder, to 
extend a method which he had long practised for bending bout 
timbers, to the bending of the largest ship timbers ; and having 
obtained permission to have a machine constructed for the pur- 
pose, it was found to answer every possible expectation that could 
be formed of it; the lai'gest timbers, viz., pieces 18 inches square, 
being brought to any required curve in about fifteen minutes 
after being placed upon the machine : a description of which, in 
its original state (but it has since received some improvements), 
ittay be seen in voL xxxiL of the " Transactions of the Society of 
Arte." 

The method of preparing the timber is as follows : a fine saw- 

^t is made from one end, or both, according to the form into 

^hich the timber is to be bent ; the length of it being also diffe- 

^nt> according to the length of the piece and the degree of 

^''irvature : but commonly, in a curve the height of which is about 

Jth or Jth of the whole length, the saw-cut from each end is about 

Jrd of the length. The piece is then boiled for some hours, 

depending upon its lateral dimensions, and placed upon the 

D^achine, when the screws, &c., being applied, the required curva- 

^ is obtained, as above stated, in about twelve or fifteen 

Diinutes ; after which it is screw-bolted, and is then ready for use. 

The reader, by referring to figs. 7 and 7a, Plate III., will readily 

nnderstand the above description ; these figs, representing the 

fragments of two pieces bent for the following experiments. It is 

only necessary to observe, that the keys K, K, and K, are no part 

of the original plan ; but were suggested during our experiments. 

The advantages attending this method of bending timber for 
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the purposes of ship-building, are, 1st, That it dispense 
use of compass timber, should it again become very at 
therefore no impediment would arise to the service, if 
sarjr quantity of timber of this kind could not be ii 
procured. 2dl;, It saves a deal of the time and labour 
for UDStacking and restacking piles of timber, to procur 
requisite compass ; any piece of the proper length ani 
being at once avulable with the application of the macl 
It saves a great quantity of timber, which is necessa 
waste in bringing compass timber to its required dimei 
conversion, in some cases, taking away a considerable ] 
original contents ; while, in bending timber, the origini 
verted contents ore nearly the same. But, notwithstar 
recommendations in its favour, there appears to be a 
well or ill founded, against the adoption of it, and some 
have been offered to the practice ; the first of which is, t 
the timber, and the strain impressed upon it, have a U 
weaken the pieces, and, consequently, the ship into i 
timbers are iutroduced : and, secondly, that the bolt 
BufBcient to keep the two parts in a proper degree of 
m to prevent the introduction of damp and moisture, 
point must be left to the decision of the practical bi 
with regard to the strength, this may be otherwise d 
and I therefore solicited permission of the Navy B 
allowed to make experiments on bent pieces of natui 
grain-cut, and others, bent on the principle of Mr. H 
the results of these experiments will be seen in tht 
Table : from which it will appear, that, taking th' 
between the natural grown pieces and those which art 
and partly grain-cut, no defect in point of strength wi 
on the side of those bent upon the above plan. I ala( 
try what effect boiling and steaming timber had upon tb 
strength without bending ; the account of which is gi' 
third Report, from which it appears, that although t 
obvious falling off in the strength of those pieces boiled 
time, the defect is very small while the boiling or stean 
coutinued beyond the proportion of an hour to an incl 
neas, which is the usual practice in the dockyard. 
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"''el. -Tha Ust deflation, luring tbe aign plut 4- preGied, indicatea tfaU the pieoet 
•"W n m»nj inchea the eontraij w«j before hrotkiug ; and those marked nitniu — , 
■uted Iht Domber of inchei following, of coming down to the lerel of tha propa. 
J'm i.~The pieoeo laid with the arch np were necesaarilf sapported bj the ontaide of 
"* pnp ; theae, therefore, mast be coDsideied as being broke at 5 feet 3 inabei, which 
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Id each of the figs. 7 and 7a, Plate III,, A B C D represents a 
''spnent of the scaatUngs ; aa, bb,cc, the screw bolts, and m n 
*fie Baw-cut ; which latter is 2 feet, or one-third the length of the 
piece. In fig. 7, K represents the form of the key, which was of 
"^k, 1 inch long and ^ an inch deep, let id } of an inch into each 
P*rt; and in fig. 7a, K and Kare copper bolts, of J -inch diameter; 
^Uch, therefore, also laid ^ of an inch into each part ; and in 
both figures the keys passed through the whole thickness of the 
icuitUiig. 
The idea of this mode of keying was su^ested in our first 
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experiments on pieces of this description ; viz., Nos. 11 and 12, in 
which it was found that the screw-bolts were not sufficient to pre- 
vent the part above and below m n from sliding upon one another. 
This defect may not have place when pieces of this kind are intro- 
duced into a ship, in consequence of the number of tree-nails inth 
which the futtocks are pierced, which have necessarily a tendency 
to prevent that slipping of the parts noticed above. But, even in 
this case, I am convinced that considerable stiffiiess would be 
gained by keying the pieces after the manner of fig. 7(t, where it 
may be observed that hard wood, as sound oak or lignum-vits, 
would answer equally as well as copper bolts ; and farther, that as 
the neutral axis in atiy section of fracture is generally at about 
Iths of the depth, there would be no loss of strength in the piece, 
provided the key did not exceed Jth of the whole depth. 

Additional Experiments, 

106, In order to form a comparison between the strength of a 
piece of timber bent upon Mr. Hockey's principle, and a straight 
piece in its natui'al state, two pieces were formed from the same 
scantling, having been only parted by the saw ; the bent piece was 
brought to a curve of 9 J inches, and keyed, as in fig. 7a, Plate III.; 
the two pieces were then broken at the same distance, viz., 5 feet; 
their other dimensions being also the same as those above. Tbe 
results of these experiments are as follow : 

^9i in. l^hllwl \ ^^^^^ ^ ^*i ^^^^^^ ' ^^^« ^*^ 727 lbs. 

By a comparison with all the above results, we obtain the f^*' 
lowing proportional breaking weights, viz. : 

Natural growth 743 Iba. 

Bent on Hookey*8 principle, and keyed . . . 71H 

Bent, without a Baw-cnt 682 

Qrain-cut 562 

Bent on Hookey 'a plan, without keys . . .517 

Straight, and in natural state, deduced from the j ^^ . 
results of the 2Qd specimen of the first Report . ) 

Note. — In comparing the first two of the above numbers with the last, it should b^ 
remembere<l, that although the former were broken with less weight, it does not indica^ 
a less degree of strength ; the same weight producing a greater strain upon a bent thali 
np<*n a straight piece, proportional to the secant squared of the angle of deflection. 

To the Hon. the Principal Officer* and Commts»ioner$ 
of UU Majettjft Navy. 
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of a BtpcH tramptUied to the ffaiumrahU the Principal Qficen and Com- 
mi9gioner$ of Bit Majesty' a Navy ; containing) 

Sxperimentt on the Strenffth of Oak Timberi in its nattwal state, compared with 
similar pieces boiled and steamed for different periods. 

-Tbe ^oUowiiig pieces of oak were all cnt from the eame log, the mean specific 

grafity of which was 822. 
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M. 17 and IS, bent and keyed on Hdokey^s plan, part of the same log, and broke 
e same length, riz. 6 feet ; and the same eqilarage, viz. 2 inches. 



Builed 3 hours 
Boiled I 3 hours 



1st curye 10 in. 
Ist curye 10 in. 



Arch op. 
Do. down 



Breaking weight, 632 
Breaking weight, 636 



the Hon. the Principal Officers and Commisitioners 
of His Majesty s Naty, 

aere is not in the above experiments that degree of uniformity 
we might have expected, considering the pieces were all cut 
I the same log. It should be observed, however, that the two 
iriments, 11 and 12, ought not to be considered as equally con- 
ive with the others, as they each broke at a knot about 6 
es from the centre of the beam. 

ejecting these, therefore, there appeal's, generally, to be a 
it loss in strength from boiling and steaming ; but it is not 
perceptible while that process is not continued beyond the 
I usually allowed in the dockyards. 

I several experiments which I made on pieces boiled only for 

or three hours, there was no apparent defect in strength ; 

a of them even exceeding, and others falling a little short of, 

lar unboiled pieces : but as they were not all from the same 
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timber, they would not, probably, be thought conclusive 
were detailed ; on which account they are omitted. 

On Trusaed Oirdera. 

107. We shall now conclude this course of experimen 
the four following, on girders, trussed and plain : the two 
viz., No. 1 and No. 3, were very accurately made, and cons 
on a scale of 2 inches to the foot, from the drawing g 
Nicholson (Plate XXXTX., *' Carpenter^s New Ouide" 
former being supposed to denote a 34-feet, and the other a 
girder. 

On the Diction and Strength of Girders, trusud and plain. 
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Nos. 1 and 2 were not broken in the experiment ; but it appears that the trui 
was the weakest ; or at least it gave the greatest deflections. The wood of ] 
certainly inferior to the untrussed beam, but still it was to have been expected 
trusses would hare been more than equivalent to the difference in the former res] 
as it was not, the experiment seems to indicate that there is but little efficacy 
of that description. 

The trusses of No. 3 came fairly into action with each other, and certainly a 
eonsiderably to the resistance of the girder. 
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On the Reaistcmce to Pressure. 

108. Besides the two kinds of strains, i,e,, the tensile and 

transverse strains, to which timber is exposed in building and 

machinery, there is another of considerable importance to which 

we have only at present very slightly referred, and this is the 

stnun that pillars, columns, &c., have to sustain when supporting 

weights in a vertical position ; and it must be admitted that it. is 

one less supported by theory and experience than any other 

branch of the general subject of strength and resistance. It has 

indeed been found experimentally, according to Mr. Tredgold, 

in his " Treatise on Carpentry," " that when a piece of timber 

is compressed in the direction of its length, it yields to the 

force in a diflferent manner according to the proportion between 

its length and area of its cross section ;" and that in case of a 

cylinder whose length is less than seven or eight times its 

diameter, it is impossible to bend it by a force applied longitudi- 

wily, as the piece is destroyed by splitting before the bending 

Wees place ; but when the length exceeds this, the pillar will bend 

^Bder a certain load and be tdtimately destroyed by a similar 

Und of action to that which has place in the transverse strain. 

109. Crushing force. — A few experiments have been made on 
fte resistance which diflferent woods oflfer to a crushing force when 
tkeir length is inconsiderable, principally by M. Rondelet, in his 
"Art de Bdti/r,'*^ and by George Rennie, Esq., in the " Philosophical 
Transactions" for 1818 ; but unfortunately the residts diflfer very 
^dely from each other. 

According to M. Rondelet, it required a force of from 5000 to 
8000 Iba to crush a piece of oak of 1 inch base, and from 6000 to 
•000 flys. to crush a similar section of fir ; whereas Mr. Bennie 
P^es the following specific numbers, which are so much less than 
^he former in the two cases which admit of comparison, as to 
^w considerable doubt on the subject. 

Mr. Rennie's results are as stated below : 

£<ue 1 tfic^ square,—! inch in height, 

BIm, eraihed with 1284 Ibi. 

Americui pine 1606 

White deal 1928 

Bngliflhoak 8860 

Do., length 4 inches, same base . .5147 

African oak, base 8 in., side length 81 in., . 60480 
Or 6720 per sqaare inch. 

This seems to prove that the resistance increases in a much 
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higher ratio than the area, but without further experiments it is 
impossible to derive any general rule. 

110. Mesiatanoe of columns to flexure. — This is the most im- 
portant question connected with the inquiry, but it is, like the 
former, one on which few experiments have been made, and in 
which little has been derived from theory, although it has 
engaged the attention of some of the most distinguished mathe- 
maticians of the last and present centuries. Experiments on this 
subject are, as we have said, very few indeed ; those given by M. 
Girard, in his " TraiU Analytique de la lUsistanoe dea SoUM^ 
are the only ones of any importance to which we can refer, and the 
results in these are by no means so uniform as might be desired. 

The following is an abstract from M. Girard's first and second 
Tables. Table I. contains the results of his experiments on the 
vertical pressure of oak beams. The first column contains the 
number of the experiment ; the second, the dimensions and specific 
gravity * of the several pieces ; the third and fourth, the height 
from the bottom to the point of greatest curvature ; the former in 
the direction of the least thickness, and the latter in that of the 
greatest. The fifth and sixth exhibit the measure of the greatest 
deflection ; the former in the direction of the least, and the latter 
in that of its greatest dimension ? the seventh column shows the 
several weights under which those deflections were observed ; the 
eighth, the time from the commencement ; and the ninth contains 
remarks, &c. 

We have only shown the efifect of four difiFerent weights for each 
beam; but the author himself has in some cases employed ten, 
twelve, or more difiFerent pressures, measuring the deflection, &c- 
for each ; but as it was thought unnecessary to follow him througl^ 
the whole, the results of his first two and last two charges in the 
first eighteen experiments have been given. Those columns also, 
which M. Girard has drawn from computation founded on his 
theory, are omitted. 

Table II., which is an abstract from the author s second Table, 
contains the results of his experiments on the transverse deflection 
of such of the beams as were not broken in the experiments above 
referred to : they were supported at each end at different lengths, 
and in different positions, viz., first with their greatest thickness 
vertical, and then with their less. 

* M. Oirard gires only the weight of the pieces ; hot we hare preferred changing th< 
weights into the speci&c gravities, as furnishing a readier means of comparing one pieo 
with another. 
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rhe formulae M. Girard employs to compute the weight under 
ich a piece of timber ought to begin to bend when pressed 
rtically, from the deflection being given, when charged with any 
iight horizontally, are as follow : 

Let P represent half the weight when the piece is charged 
irizontally in the middle, and 6 the corresponding deflection ; /, 
If the length of the piece, and tt, the semiciroumferenoe of a 
die to diameter 1. 

Then-r^ = ahaolvie elasticity. 

And Q = , ^ = the weight 

ider which the same piece will begin to bend when the pressure 
vertical 

P /* 
If, therefore, for the same depth and thickness, -r^ were con- 

amt, the weight Q, under which a piece begins to bend, would be 

iveisely as the square of the length : but M. Girard finds -^ 

early as the length, or as /; and consequently Q vai-ies, cceteria 
^rihus, as / inversely. 

The formula given by Dr. Young in his " Natural Philosophy," 
Mfera from this. See Prob. vi. Art 115. 



Sole. — ^In the following Table, where two heights and two versed 
^^ are connected by a { with one weight, it shows that the piece 
bent in two places, in opposite directions. 
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TABLB L 

HI. OirarcT^ £jq>enmeiUi on ike Vertical Premwre and JUeitlance of Oak B 

or Oolttmne, 



2 



8 



6 



8 



9 



Dtmmiriopi 

and 

apedfio gravity of 

the pieces. 



Metrea. 
Length 2*5979 
Breadth 0*1580 
Thickness 1285 
Sp. gr. 1088 

Length 2*5979 
Breadth 0*1624 
Thickneas 1060 
Sp. gr. 984 

Length 2*5979 
Breadth 0*1579 
Thickness 0*1050 
Sp. gr. 1010 

Length 2*5979 
Breadth 0*1330 
Thickness 0*0992 
Sp. gr. 1000 

Length 2*5979 
Breadth 0*1308 
Thickness 0*1060 
Sp. gr. 928 

Length 2*2731 
Breadth 0*1556 
Thickness 0*1808 
Sp. gr. 920 

Length 2*2731 
Breadth 0*1579 
Thickness 0*1285 
Sp. gr. 973 

Length 2*2731 
Breadth 0*1556 
Thickness 0*1038 
Sp. gr. 972 

Length 2*2731 
Breadth 0*1579 
Thickness 1015 
Sp. gr. 926 



Height of the 

greatest corra* 

txire Anom the 

foot 



I 



■31 

ill 




Vereeddneof 
.'greatest 
ourrature. 



'S'sja 
Hi 




Roui 



Metres. 
1*0689 



• • • 



1*1907 
0-9742 



0-6495 
1*9484 
1 *7861 
1 *6287 

1 *2989 
1*2989 
1 *2989 



•2989 
■2989 



1 -2989 
1*2989 
1*4618 



1*6237 
1 -6237 
1*2989 
1*2989 

1 *6237 
1 6237 
1 6237 



1*4613 
1*2989 



Metres. 
1*2989 



1-2989 



}::: 



1 -2989 
1 *2989 
1*2989 



11866 
0*9742 



1*1366 
1*1866 
1*2989 



0*9742 
0*9742 
1^989 
1*2989 



Metres. Metres. 
0068 I ... 
0070 ' -0068 



0090 
•0118 

•0056 
•0068 



•0090 
*0090 

.-0045 
•0079 



•00681 ^,«,; 

•0068/^^^^ 

-0028 1 
0017/ 
0118 
-0282 



0118 
•0180 
0497 



*0169 
0372 



•0028 
0028 
•0090 



•0040 
0040 
•0169 
•0186 



1*2989 *0062 
1*2989'*0096 
1-2989 *0181 



•2989 
•1366 



•0068 
•0124 



*0079 
•01*24 
-0124 



•0068 
•0113 



*0045 
*0045 
•0034 



17820 
29691 
87429 
42418 

11998 
25664 

42514 



11991 

28575 
81339 

11993 
17841 
22939 



11996 
17341 
22931 



28619 
38115 
47073 
52270 



•0040 22934 
•0040 28612 



*0045 
•0090 

•0034 
0034 
•0045 



•0068 
0045 



47047 
47032 



0-88 
2-08 
2-91 
9-58 

2-50 
916 

10*88 



0-88 

9-58 
10-41 

6-66 

8-38 

1000 



6-66 
8*38 
8*75 



17320 12-08 



22936 
28616 
83120 

17321 



12-91 
18*75 
18*95 

12-08 



22940 12-58 



266-26 



14-50 




] 



Broke 
wei| 



Bmoi 

iUl 

lor 

Did 
reeoT* 
first f 



) Broke 
[ the 
) weij 



9*58 
16-66 
19*58 .t 
22-50 ) 

2*08 
2*91 I 
20*88 
23*38 : 



) Broke 
> the 



Reeo^ 

iUi 

fon 






Broke 
> the 
weij 






Broke 
the 
weij 
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TABLE L^iconiinued), 



i 

8 

a 

I 

6 



10 



11 



12 



1) 



14 



U 



Dimenflkma 
and 
■pedfic gnTity of 
the pieces. 



Height of the 
greatefrt curva- 
ture from the 
foot 



Versed sine of 

gre.itest 

curvature. 



Hi 

^33 



■4 









If 



lid 

o ® a 

•^ S E 



^ 
a 

9 



RXMAIUUI. 



Metres. 
Length 2*2631 
Breadth 0*1262 
Thickness 0*1015 
8p. gr. 1038 

Length 1*9484 
Bmdth 0*1556 
Tiuckness 0-1330 
8p.gr. 1102 

Length 1*9484 
Breadth 0*1579 
Thickness 0*1308 
8p. gr. 935 

Length 1-94M 
Breadth 0*1579 
Tiuckness 0*1015 
Si». gr. 987 

Length 1*9484 
Bresdth 0*1601 
Tkickness 0*1015 
8pi gr. 1035 

Length 1*9484 
Breadth 0*1830 
Thickness 0*1060 
Sp. gr. 1032 



Length 

Biesdth 

niiek 



n< 



Length 
Breadth 
Thickn 
Sp. gr. 



Leogtii 
Breadth 



1 -9484 

0*1285 

0*1082 

993 

2*2731 

01579 

0*1082 

920 

2*5979 
01579 



Thickness 01353 
Sp. tr. 916 



} 



Metres. 
1*4613 
1-4613 
1*4613 
1*2989 

0*9742 
0*9742 
0*9742 



0*9742 
0*9742 
0-6495 
1*6237 

0*6495 
0*6495 



Metres. 
1*1366 
0*9742 
0*9742 
0*9742 

0*9742 
0*9742 
0*9742 



} 



0-9742 
0*9742 

0-9742 



0-6495 
0*6495 



0*6495 0-6495 



1-4613 
1-4613 
1*6237 



1*2989 
0-9742 
1 6237 
0*3247 

0*9742 
0*9742 
0*6495 
0*2435 

0*6495 

1*6237 
1-4613 

0-9742 
0-9742 

1-6237 



0*9742 
0*9742 
1*2989 



} 
} 



0*6495 
0*6495 

1*4342 



Metres. 
-0079 
•0079 
•0113 
•0135 

•0045 
-0045 
•0051 



{ 
{ 



0*9742 
0-9742 

0^6742 



9742 
0*649i5 
©•9742 
0-9742 

1^2989 
1^2989 

1 ^2989 



{ 
{ 



-0079 
-0079 
•0068 
•0023 

•0045 
•0062 
•0068 
•0023 

•0045 
•0045 
•0113 



•0056 
-0051 
•0068 
•0011 

-0045 
•0056 
•0045 
-0011 

-0029 

-0056 
-0113 

•0051 
•0008 

•0146 



Metres. 
•006211999 10^00 
-006-2 15025 12-91 
•0062,17320 22 91 
•0068 20326 25-83 



•007917321 7^08i 

•0090'22940!1000 

•0101 33105i26^66 

... ;89644 27*50 



} 
} 



2294020^00 
83123125 -00 

•0146 39637 27-91 



•0056 17321 
•0068.22939 



2-08 
3-33: 



0108 39456 33-33' 



•0040 11973 lO^OO; 
•0046|17274 27*50 
•0090 28509j40^41, 
... 32996 50-41 



} 
} 



0045 17294 10*00 
22899 28*33 



*0045 
•0118 



46952 



86*66 



0056 11998118-33 
•0079|l73l72000 



0135 



3727392-50 



•0028 11998 1000 
-0034 17320, 20-OOi 
•0045 
■0051 



33120 52-50 
39630 57-50 



0034 11999 1000 



-0056 



17321 20 00 



•0079 37305 50*83 



ReeoTered 

its first 

form. 



RecoTered 

its first 

form. 



Recorered 

its first 

form. 



Broke nnder 
the last 
weight. 



RecoTered 

its first 

form. 



Broke under 
the last 
weight. 



Recovered 

its first 

form. 



Broke under 
the last 
weight. 
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MOM M tkon ID th« piteadlog T>U& 













&a 




ii 




3 


i 


fo 




nwim. uid 
gpBCillll gI»TltJ of 


P 


S 


Bn^ 


i 


thipiinii. 


1^ 






Unjlh 


2'6B78 


■0180 


1884 


38250 






Daplh 


■1671) 


■0238 


2379 


36624 


These two 






■1285 


■ ■0238 


2932 


S7876 


meuta «> 




Sp. gr. 


1036 


■0373 


3407 


S39S4 


fomed ■ 

W(»d,wh 




Length 


2 ■2731 


■01 B8 


1884 


30174 




Depth 




■0215 


23116 


27266 


alw thai 


Brekdth 


■1286 


■0248 


2930 


28S09 


Na.l,Gn 




Sp.gr. 


1038 


■0300 


8470 


2830* 






Length 


]-e484 


■0046 


1882 


84461 






Depth 


■1E7B 


■0056 


2383 


85864 






Bnadlh 


■1286 


■0113 


4007 


6483* 






Sp.gr. 


B73 


■0153 


<5i2 


4674* 






Length 


Pfl237 


■oosa 


1877 


29893 


The* were 




Depth 


■lB7fl 


■onas 


2383 


31312 


■UD« pi 




B>4uth 


■1285 


-one 


497S 


37288 


wood,m 




3p.gr. 


973 


■0141 


6613 


34844 


of the fin 




Length 


1-6237 


■0058 


1876 


29877 






Depth 


■1285 


■0079 


2388 


28953 




Bnadth 


■1579 


■0119 


8483 


84313 






Sp. sr. 


61S 


■01S8 


4000 


29975 






Length 


l-8i84 


■OOBO 


1874 


32101 






Depth 


■157B 


•01 S6 


2365 


27228 






Breadth 


■lOlB 


■0271 


3786 


2266B 






Bp.gr. 


987 


■0318 


4519 


S203S 


TbiainMti 




Length 


I'DJSl 


■01 S6 


1874 


21395 


ISoflftb: 




Depth 


■1015 


■0228 


2883 


16313 






BreB,llh 


■157fl 


■0:J71 


2B19 


16500 






Sp.gr. 


B87 


■047* 


34(8 


11212 






Unrth 


]'B4S1 


■01 58 


1871 


18257 




s] 


Depth 


■1330 


■0180 


S3S0 


20381 




Breadth 


■loao 


■0283 


2fll7 


15B42 






8p.gr. 


1032 








TbiipiMai 




Length 


1^9484 


■0283 


1870 


124S7 


16 of Tab) 




Depth 


■lOflO 


■08B3 


SSI 8 


13267 








■1330 












Bp. gr. 


1032 











If lh« eh&rge, / hklf the length, uid & the daflectioo. 
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SoliUion of Practical Problems, 

112. Having in the foregoing pages established the requisite 
data and formula for determining the dimensions of beams under 
every variety of transverse strain, it is proposed to give a few 
examples by way of illustration, in which I shall confine myself to 
the woods given in the preceding Table of Data ; these having 
been carefully selected, and the experiments made with this 
particular object. The numbers for direct cohesion are drawn 
from Art. 14. 

PROBLEM I. 

To determine the Strength of Direct Cohesion of a piece of 

Timber of any given Dimensions. 

Rule. — Multiply the area of the transverse section, in inches, by 
tlie cohesion per square inch, Art. 14, and the product is the 
rtrength required. 

In practice, the weight the timber has to support should not 
exceed one-fourth of the strength as calculated by the rule. 

Example l — ^What weight will be required to tear asunder a 
piece of teak 3 inches square ? 

In this eaae the tabalar ralae ia . 15000 

The area of the section 3x3= . . 9 



The weight required . . . 135000 lbs. 

Emmple ll. — ^The diameter of a rod of ash being 2 inches, and 
^^ specific gravity 700, what weight vdll be required to tear it 
wunder ? 

The tabular ralae is ... . 17000 
The area of the section 2 x 2 x '7854 = 3 1416 



The product. . . 53407*2 lbs. 

Jfofe. — K the weight be given and the area of section required, 
It 18 only necessary to divide the given weight by the tabular value 
^ cohesion. 

PROBLEM II. 

T^ find the Strength of a Rectangular Beam of Timber, fxced 

at one end and loaded at the other, 

fiufe. — Multiply the value of S, in the Table of Data, by the 
*^, and the depth of the section in inches, and divide that 
P^uct by the leverage in inches, and the quotient will be the 
^^igtt required in lbs. 

H 2 
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Note 1. — In case the beam is inclined, the leverage is the dis- 
tance I L, or F L\ fig. 6, Plate m. When the beam is horizontal, 
the leverage is usually called the length. 

Note 2. — In practice, the load ought not to be greater than one- 
fourth of the weight found by the rule ; for permanent stretching 
or displacement of the fibres begins to take place as soon as the 
load exceeds about one-fourth of the breaking weight This will 
be perceived by comparing the weights which the specimens bore, 
without loss of elasticity, with the weights that broke them, in the 
Table of Data. 

Note 3. — If the load be distributed in any manner over the 
length of the beam, the horizontal distance between the point of 
support and a vertical line drawn through the centre of gravity of 
the load, must be taken for the leverage. 

JExample i. — ^A beam projecting 5 feet over the point of support, 
is 6 inches deep and 4 inches in breadth of Biga fir, and is 
intended to support a load at its extremity ; it is required to 
determine the greatest load it would bear, and the load it may be 
exposed to without injury. 

For Riga fir, S = 1108, and the area being 6 x 4 = 24, the 
depth 6 inches, the leverage 5 feet = 60 inches, we have 

^ — - — =2659-2 lbs., the greatest or breaking load; aftd 

2659*2 

— ^ — =664-8 Iba for the load it would bear without injury. 

Eocample il. — ^A cistern to contain 36 cubic feet, or one ton of 
water, is to be supported by two cantilevers : the projection of tb^ 
cistern from the face of the wall being four feet, it is required to 
determine the size for the cantilevers. 

Let the cantilevers be of larch, such as the 3rd specimen, thel^ 
we find by the Table of Data, S = 1127, and the depth 5 inched' 
The load on them will be 1 ton = 2240tbs., and the weight will b^ 
uniformly distributed over the length ; therefore, the distances o^ 
the centre of gravity from the wall will be half the length, or ^ 
feet = 24 inches, which is the leverage. This is the reverse of th^ 
preceding operation, on account of the weight being given. 

2240 X 24 

^^27 X 5 ~ ^^^ inches, nearly, for the area of both cantilevers, 

9*54 

or —^ = 4-77 inches for the area of one of them ; and if the 

section be rectangular, the depth being 5 inches, the breadth will 
be '954 inch for each cantilever. 
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PROBLEM HL 

To determiTie the Strength of a Rectangulctr Beam of Timber 
when it is supported at the ends, and is loaded in the middle 
of its length. 

Rule. — ^Multiply the value of S, in the Table of Data, by four 

times the depth in inches, and by the area of the section in inches, 

divide the product by the distance between the supports, in inches, 

and the quotient will be the greatest weight the beam will bear in lbs. 

Note 1. — If the beam be not horizontal, the distance between 

the supports must be the horizontal distance. 

Note 2. — One fourth of the weight found by the rule should be 
the greatest weight upon a beam in practice. 

Note 3. — If the load be applied at any other point than the 
iniddle, it will be as the rectangle of the segments, into which the 
point divides the distance between the supports, is to the square 
of half that distance ; so is the weight found by the rule, to the 
weight the beam will sustain at the given point. 

Note 4. — If the load be distributed in any manner whatever 
over the beam, the centre of gravity of the load must be considered 
Its place, and its stress equal to the whole \% eight ; unless part of 
*^ch weight be sustained by the supporting points independently of 
^e resistance of the beam. 

Exanple L — Required the weight a beam of Riga fir, 1 foot 
^I'lare, would sustain in the middle, its length being 20 feet. 

In this case, the tabular value of S is 1108, and the depth 12 
Cliches, and the area 144 inches, the length 240 inches ; conse- 
quently, 

1108 X 4 X 12 X 144 o^^,^-, 
— = 32010 Its, 

^dthe beam may be loaded in practice with — j- = 8002 J lbs., 

^thout injury to its texture. 

If the load were applied at 8 feet distance from the end, instead 
^hemg applied in the middle, then it would be 12 feet from the 
^er end ; and by Note 3, we have 8 x 12 : 10 x 10 : : 8002J : 
°*36 fte. nearly, for the weight the beam 12 inches square would 
''^Pport at 8 feet from the end ; showing the advantage of applying 
^^ load as far fi-om the middle as possible. 

^mple IL — To determine the size of a girder of Riga fir for a 
^^*^ouse, where the distance between the points of support is 18 
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feet =216 inches, and the greatest probable stress at the middle^ 
including the weight of the floor itself, 20 tons. 
The tabular number is 

8 -" 1108, and 20 tons «> 44800 lbs. 

Let us further suppose that the greatest depth of the timber 
intended for the purpose is 20 inches. By reversing the rule, we 
have 

4 X 44800 X 216 «, „« . , 

--— — ;; — - = 21-83 inches 

1108 X 4 X 20 X 20 

for the breadth of the girder, which would be obtained by bolting 
together two pieces, each 20 inches by 11 inches ; or much better 
by putting the two pieces at the most convenient distance apart 
that would admit of both resting on the sustaining piece. 

If there be only 20 tons distributed uniformly over the surface 
of the floor, then a girder of 20 inches by 11 inches would be 
sufficient. 

PROBLEM IV. 

To determine the Dimensions of a Beam capable of supporting^ 
a given Weight with a given degree of Deflection, when jvxnd^ 
at one end. 

Rule, — ^Divide the weight in lbs. by the reduced tabular yala^ 
of E,* multiplied by the breadth and deflection, both in inch^ ; 
then the cube root of the quotient, multiplied by the length i-^*^ 
feet, will be the depth required in inches.*!- 

Example i. — ^A beam of Riga fir is intended to bear a load c>^ 
665 lbs. at its extremity, its length being 5 feet, its breadth 4 inch^^' 
and the deflection not to exceed \ of an inch ; required its deptb- 

In this case the tabular value of E is 192; hence, ^^^ x 4 x i =3'*^ ' 

the cube root of which is 15096 ; hence, 5 x 15096 = 7*5*^ 
inches, the depth required. 

By reference to Example I. of Prob. II. it will be found that ^ 
beam of 6 inches depth would be sufficient to bear the load ; b^ 
when, from the nature of the construction, only a limited degr®^ 
of flexure can be allowed, this mode of calculation become^ 
necessary. 

* The value of E in these rules is the tabular value divided by 1728, which renders It 
onnecessary to reduce the length in feet into inches. 

For English oak, E = 210 
For Riga fir, E = 192 

+ Owing to the imperfect fixing which obtains in practice, the deflection will in 
ordinary casea be greater than that given by the rule, in the proportion of 1 : yj'l. 
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S^ote L — ^When the weight is uniformly distributed over the 
length of the beam, the deflection will be only fths of the deflec- 
tion from the same weight applied at the extremity, and in the 
rule consider the weight reduced in this proportion. 

Note 2, — If the beam be a cylinder, the deflection will be 17 
times the deflection of a square beam, other circumstances being 
the same. 

Note 3. — In the above examples the reduction of results to the 
differences depending on the specific gravity is not shown, neither 
is it applicable in practice ; but for theoretical comparison it is 
important, and may always be performed by stating, as the specific 
gravity of the tabular specimen is to the load supported in any 
example, so is the actual specific gravity of the specimen to the 
it would support under similar circumstances. 



PROBLEM Y. 

*ojind the Diraenaiona of a Beam capable of sustaining a given 
height with a given degree of Deflection, when supported at 
ioth ends. 

Rule, — Multiply the weight to be supported in lbs. by the cube 
^f the length in feet. Divide this product by 16 times the reduced 
^^l)ular value of E (see Note 1, Prob. IV.), multiplied into the 
S^ven deflection in inches, and the quotient is the breadth multi- 
Plied by the cube of the depth in inches. 

Note 1. — If the beam be intended to be square, then the 
p^^th is equal to the depth, and the fourth root of the quotient 
^^ the depth required. 

Note 2. — If the beam be a cylinder, multiply the quotient by 
1*7, and then the fourth root will be the diameter of the cylinder. 

Note 3. — ^When the load producing the depression is greater 
^kan one-fourth of the greatest stress the beam would bear, it is 
^ preat to be trusted in construction ; but in timber this limit is 
•eldom exceeded, on account of its flexibility. 

Note 4. — If the load be uniformly distributed over the length, 
^te deflection will be fths of the deflection from the same load 
^Uected in the middle. And in the rule, employ fths of the 
'^^ight of the load instead of the whole load. 

Sample I. — ^The length of the fir shaft of a water-wheel being 
20 feet, and the stress upon it 7 tons, it is required to determine 
Its diameter so that its deflection may not exceed '2 of an inch. 
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The reduced tabular value of E = 192, or more exactly 16 E= 
3075, and 7 tons = 15680 lbs. ; hence (by the Rule and Note 2) 

~ soJf x' ^~~= 346730, nearly. The fourth root of this sum is 

24*3 inches, the diameter required. 

Shafts which are to be cut for inserting arms, &c., will require 
to be larger, in a degree equivalent to the quantity destroyed by 
cutting. 

The flexure of shafts ought not to exceed t^tt of an inch for 
each foot in length, this being considered the limit ; and it will be 
always desirable to make shafts as short as possible, to avoid 
bending. 

Example ii. — The greatest variable load on a floor being 
120 lbs. per superficial foot, it is required to determine the depth 
of a square girder to support it, the area of the floor sustained by 
the girder being 160 feet, the length of the girder 20 feet, and the 
deflection not to exceed half an inch. 

The reduced value of E for Riga fir is 192, or 16 E = 3075, and 
the weight is 120 x 160 = 19200 lbs. uniformly distributed ; hence 
(by Note 4) we have 

I X 19200 X 20* ^^,,^ 

* — -— = 62440. 

80/5 X \ 

The fourth root of this number is 15*8 inches, the depth required. 

The deflection of Vo t^ ^f ^^ ^^^^ ^^^ ^^^ ^^^^ ^^ length is not 
injurious to ceilings ; indeed, the usual allowance for settlement \» 
about twice that quantity. Ceilings have been found to settle 
about four times as much without causing cracks, and have been 
raised back again without injury. 

The variable load on a floor seldom can exceed half the quantity 
of 120 lbs. on a superficial foot, unless it be in public rooms 
hence, the number may be taken from 60 to 120, according t( 
circumstances. 

The same rule applies to joists of different kinds for floors ; th< 
area of the floor supported by the joists being multiplied by fron 
60 to 120 lbs. per superficial foot, according to the use the room i 
designed for. 

Example iii. — To determine the size of a rafter for a roof t 
support the covering of slate, the distance between the support 
being 6 feet, and the weight of a superficial foot, including th 
stress of the wind, being 56 lbs., and the deflection not to excee 
T^th of an inch for each foot in length. 
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The tabular value gives 

16 B = S075, the wdgU = 66 x 6 = 886 Ibt. ; 

hence (by Note 4), 

8 X 3075 X 6 

If the breadth be made 2^ inches, then 

'^^ = 898 ; 
2-5 ' 

and the cube root of 39*3 is 3'4 inches, the depth required. 

PROBLEM VI. 

To determiTie the Dimensions of a Pillar or Column to bear a 
given Stress in the direction of its Axis, without sensible 
Curvature, 

Rule, — ^Multiply the weight to be supported in lbs. by the 
square of the length of the pillar in feet, and divide the product 
ly 40 times the tabular value of E (Art 101), reduced as in 
Prob. IV., the quotient will be equal to the breadth multiplied by 
the cube of the least thickness ; therefore, either the breadth or 
tliickness will require to be fixed upon, before the other can be 
fomii* 

Jfote 1. — If the pillar be square, its side will be the fourth root 
of the quotient 

Note 2. — If the column be a cylinder, multiply the tabular value 
of E by 24 instead of 40. The fourth root of the quotient in the 
nile will be the diameter of the cylinder. 

^mple L — What should be the least thickness of a pillar of 
oak to bear a ton without sensible flexure, its breadth being 3 
ioohes, and its length 5 feet ? 

J^ nile IB deriyed aa follows : — The force /, vliicli a oolnmn will bear without 

. ooor CP TO ■ ^ W 

/ « -8225 — tr- ; and TO = 



(MBr. ToiiQg<g ifi^ Phi], ii. pp. 47^ 43) ; hence, when I lain feet, we have 

^ 2-4675 1 W „ ^ , ^ 16Bad8 8 
/ = • Bat we hare W = r— ; 

,, ^ 39'48 R a d» 
conaeqnently, / = ^ • 

|^^*|*ni]e the number 40 is nsed for 39*48. If the above expression be divided by 1 7, 
It beoQQiet a rule for a cylinder, 

1-4508 B(^ . 1-5 KcZ^ ... ,. ., 
or ^ = /, or p = /, for simplicity. 
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The reduced tabular value of E for oak is 210, and 1 toD=: 
2240 lbs. ; hence 

2240 X 6» 



40 X 210 X 3 



2-222. 



The cube root of 2*222 is 1*31, nearly, which is the side as 
required. 

Example IL — Required the side of a square post of Riga fir to 
support 10 tons, the pressure being in the direction of the axis, 
and the height of the post 12 feet. 

The reduced tabular value of E is 192 ; hence 

22400 X 12« ,_. ^ , 

= 419*6, nearly ; 



40 X 192 



the fourth root of which is 4*53 inches, the side of the post as 
required 

The dimensions given by this rule are obviously too small to be 
used in practice. The rule only shows the extreme load that can 
be supported by a pillar imder the theoretical condition that the 
pressure exactly coincides with the axis of the pillar; but this 
pressure will overpower the resistance of the pillar if it has the 
smallest deviation from the axis. (See Dr. Young's Nat PhiL ii 
p. 47.) It is the more necessary to point out this cii'cumstance, 
because it is the same in Girard*s Rules, quoted in p. 95 ; and 
Poisson's Equation ("Traitd de M^canique,*' Art. 160, tome i.)- 
For the case where the force is applied at a distance from tb© 
axis, Poisson has left the solution incomplete. Dr. Young h.^ 
given a solution of this case in his work above quoted ; but it i^ 
not quite so convenient for application as one which may l>^ 
obtained by assuming certain data that are difficult to obtain in ^ 
simple form by calculation. 

In the former editions of this work, other problems and que^'' 
tions were given connected with this subject ; but the data are &^ 
uncertain, that it has been thought better to omit them, — ^no rul^ 
being preferable to one which may be eiToneous. 



ON THE TRANSVERSE STRENGTH OF BRICK, 

STONE, CEMENT, ETC. 



113. There are but few cases Id which it is important to know 
the transverse strength of the above materials, and we have but 
BcaDty information on the subject The following includes nearly 
all I have seen. 

Coliesive Power of Stone, 

The first experiments, I know of, relative to the cohesion of 
stone, are those of M. Gauthey, a German engineer ; who found, 
from the results of several trials, that a piece of stone, of what he 
denominated soft ffivry, 1 foot square and 1 foot long, required a 
weight of 5000 !bs. to break it across, one end being fixed in a 
W)ck, and the weight hung on at the other ; and that hard givry 
Quired, under similar circumstances, 5600 lbs. to produce 
fr^ure. Taking oiur dimensions, therefore, in feet, we have 



Soft givry, 


=- = 5000. 

a 0? 


Hard ditto, 


Z W 

, = 5600. 



^ taking, as we have done in timber, the dimensions in inches. 



Soft giTTy, S = -^-^ = 



= 86. 

Haidditto^ S = -^ = 89. 

a or 

f^^not acquainted with the nature of this stone; but its power 
^ ^ery inferior to three specimens of stone tested by George 
^^ie, Esq., at the London Docks. These specimens, which I 
^^, were certainly very fine ; but the difiference between the 
^^ligth of them, and the above, is very extraordinary, particularly 
*e WeUh slate. 
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ExperimetUi made (y Mr. 0. Bmnu^ upm (he foUowing SUmea, generoUi 

paving. 

The dimeniionf were, length 12 inohes ; breadth 2} inebei ; depth 1 inch. [ 
were Uid flat on two bearings, 10 inchei apart, and the weights snspendec 
middle of the stones. 



Kinds of Stones. 



Weight it 
bore. 



Weight of 
stone. 



8 



Gbeen Moor Yorkshire Bine Stone 
Ditto ditto White do. 
Caithness— Scotland 
Valentia — Ireland . • . 
Welsh 



cwt. qrs. lbs. 

2 8 27 

8 23 

7 2 17 

7 8 8 

17 12 



lbs. OB. 

2 12 



2 
8 
3 
8 



12 

2 
2 



On the Cohesive Power of Brick, 

114, In order to ascertain the cohesion of brick, three 
bricks were procured, which had been exposed to the wej 
two years at least ; and three of the same kind of reoen 
and three of the best stock. These were supported bet^ 
props, 8 inches apart, and then loaded in the middle 1 
broke. The least thickness of the bricks was 2J inches, 
greatest 4 inches ; and they were placed with their less di 
vertical The following are the results of these experimen 



Common old brick. 

1. . . 884 lbs. 

2. . . 298 
8. . . 347 



Mean 3)1029 



343 lbs. 



Common new brick. 

1. . . 411 lbs. 

2. . . 411 

3. . . 387 



3)1209 



403 lbs. 



Best stock. 

1. . , i'< 

2. . .4; 

3. . . 4i 

3)13? 
4' 



Hence, taking the dimensions in feet : 



Common old brick, 


^ W «y»/v« 


Do. of recent make, 


4ttcP 


Best stock . . . 





4acf^ 
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StreTigth of different Cements. 

116. I am indebted for the following experiments, on the 
itarength of different cements, to M. I. Brunei, Esq., who made 
ftem in reference to the construction of the tunnel under the 
Thames. 

Experiment 1. — Against a brick wall a brick was attached by 
cement, its broadest surface to the wall, and with its length 
Tertical to this brick, another was added ; to this a third ; and so 
on till thirteen bricks were thus cemented to each other : to the 
thirteenth brick another was added endwise; and, lastly, a fifteenth 
brick to the end of this, in the same position as the first thirteen. 
The cement supported this length of column without any appear- 
Mice of breaking. Two bricks were then laid on the farthest 
extremity ; and, lastly, four others in front of these : in laying on 
the last brick the column or arm broke at the wall 

Experiment 2. — In this experiment twelve bricks were cemented 
to each other exactly as above ; and then nine bricks more were 
Ittd on, viz., by placing one over each of the last seven ; and, 
l^ly, two at the farthest extremity. The arm was left in this 
*^ without breaking. 

These experiments were made with Parker and White's cement, 
which was perfectly dry in both cases before the additional bricks 
^^ placed. 

Experiment 3. — ^Eleven bricks were attached in the same 
'"^^^er, and several weeks after, twenty-one bricks were piled 
^pon the farthest extremity. Adding the last brick caused the 
*na to break off at the wall 

ExperiTnent 4. — Eleven bricks were attached to the wall edge- 
^^ ; in this state the arm supported four bricks, and then broke 
•* the wall 

These two experiments were made with Messrs. Turner and 
Montague's cement. 

^^^ptriment 5. — ^A column was built 6 feet high and 14 inches 
*1^, and when dry was laid lengthwise on two props, 5 feet 
^ ^ches asunder ; in this position a weight of 896 lbs. was laid 
^^^f the centre, which it supported without breaking. It con- 
^^ed to bear this a considerable time. 

^^^^peri/merU 6. — Exactly the same experiment was tried on a 
^'JUnn, using half cement and half sand ; this bore the same 
^®^ght for half an hour, and then broke. 
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These experiments were made with Mr. Shepherd's cemen 
It may be proper to add, that in every case of fracture th< 
itself gave way before the cement. 



CRUSHING FORCE. 

116. SxperimenU on the rttitling Power of varum» Building McUeriaU, 

Brick t ie., to a Crtuking Force, 



No. of 
experi- 
ments. 


Materials. 


Specific 
gravity. 




1 


1 


PorUand stone, 1 inch enbe 


• • • 




2 


Ditto 2 inches long . 






... 




8 


Statnary marble, 1 inch .... 






• • • 




4 


Craigleith 'da do. ... . 






■ • ■ 




6 


Chalk, cube of 1} inch 






• • • 




6 


Brick, pale red, do. 






2085 




7 


Roe stone, Glonoestershire^ do. 






• ■ • 




8 


Red brick, do. . 






2168 




9 


Ditto, Hammersmith parlors*, do. 






• • • 




10 


Burnt do. do. 






1 

• • • 




11 


Fire brick do. 






• • • 




12 


Derby grit do. 






2316 




13 


Ditto, another specimen, do. 






2428 




14 


KilUIy white freestone, do. 






2423 




15 


Portland do. do. 






2428 




16 


Craigleith do. do. 






2452 




17 


Yorkshire paring, with the strata, do. 






2507 




18 


Ditto do. against strata, do. 






• • • 


J 


19 


White statuary marble do. 






2760 




20 


Bramley Fall sandstone do. 






2506 




21 


Ditto agamst strata, do. 






• • • 




22 


Cornish granite do. . 






2662 




23 


Dundee sandstone do. 






2530 




24 


Portland, a 2-inch cube do. 






2423 




25 


Craigleith, with the strata, 1| inch cube 






2452 




26 


DeTonshire red marble do. 






• • • 




27 


Compact limestone do. 






2534 




28 


Gh-anite, Peterhead do. 






• • • 




29 


Black compact limestone do. 






2598 




30 


Purbeck do. 






2599 


2 


31 


Black Brabant marble do. 






2697 


2 


32 


Freestone, rery hard do. 






2528 


2 


33 


White Italian marble do. 






2726 


2 


34 


Granite, Aberdeen, blue kind do. 






2625 

1 


2 



See Experiment by G. Rennle, Esq., Phil. Trans. 1818. 



On the Force necessary to overturn Walls and Column. 

117. A cohimn of soft givry (assuming the specific giavity 
is erected on a base 2 feet square, and its height is 20 feet, 
quired the force, acting perpendicular to its end, necessary to 
turn it. 



WALM AND COLUMNS. Ill 

It is obvious here that the force necessary to produce the 
fracture will consist of two parts, viz., Ist, that which is necessary 
to produce an equilibrium with the weight of the wall, inde- 
pendent of the cohesion ; and, 2nd, of a part sufficient to overcome 
the cohesion, independent of the equilibrium. The latter will 
▼aiy with the area of the base of fracture and the point of applica- 
tion of the force ; and the former with the weight of the column 
and the situation of its centre of gravity. 

Generally, if W denote the weight of the wall, I, the distance of 
the point of application of a direct force from the fulcrum about 
which the wall is to turn, and r, the distance of the centre of 
gravity from the same, both in feet ; then, by the property of the 

', F=— T— , the force necessary to produce an equilibrium. 
And from the theory of the strength of materials, 



acP 



0, a cofutani quanHlp, 



^here a is the breadth, and d the depth of the section of fracture 

I 

Wr . ad«C 



Jiifeet; whence F'=-^^ — > the force requisite to produce the 



^ fracture : therefore, F + F' = — — I j — > the whole force 

required. 

In the present case, 

W =r 2000 OS., or 125 lbs., and 125 x 2* x 20 = 10000, r => 1, Z == 20, 

a = 2, <; » 2, and let C =» 500 ; 



rtence. 



_ 10000 8 X 500 ^^^ ^^^ ^^^ ^ 

P + F = —^ + ~ = 500 + 200 « 700 lbs. 



Ae force sought 



On the Pressure of BanJcs and ike Dvmensiom of Revetments. 

118, Having established above (at least approximately) certain 
data relative to the resistance and cohesion of walls and columns, 
it remains now to ascertain the pressure of earth against revet- 
ments, in order thence to determine their requisite dimensions, 
that an equilibrium may be established between those two forces. 

For this purpose, let C B H £ (in the annexed figure) denote a 
bank of earth, the natural slope of which is E B. Let the weight 
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of the part CBE, 1 foot thick, 




= W, and make BE = ;, 
C E = 6. From the tl 
the inclined plane. 



the weight which, attache 
centra of gravity of th< 
solid, would preserve it 
librio, on the plane E B, b\ 
no friction between the ' 
faces. The weight W wi 
fore, under this supposi 
note the quantity; FI, the direction; and I, the effecti 
of application of the force of the bank against the wall . 
And now, to find the horizontal force at I : since the ' 
K F I and B E C are similar, we have by the resolution of 



for the horizontal effect at I : also, since K A, from the e 
the centre of gravity = J of DA, or J A; 



MdKI^ ^., 



d A I = i 4 - ~, 



{x being taken to denote the breadth of the wall at botti 
whole effect of the above pressure to turn the wall as a levi 
a fulcrum at A, will be expressed by 

/I , kx\bhW n . 7.x\b'k''i 
W^-TJ-P ■ " U * - X j-Ti»- • 

8 denoting the specific gravity of the earth. 

Now, to find the dimensions of the revetment requisite 
this force in equilibrio, let k' denote the given height of tli 
S, ita specific gravity, or the weight of 1 cubic foot ; x, at 
the thickness of the wall at the bottom ; y, the distance 
perpendicular, let fall from its centre of gravity upon i 
from the outward edge of the wall at bottom, viz., the poir 
which the wall turns; and a, the area of its transverse 
section ; then, since we are only considering 1 foot in 
the same quantity, a, will also denote the solid content 
wall opposed to the bank ; and, consequently, a S .will 
weight. 
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Therefore^ by the preceding proposition, 

the resistance which the wall opposes in consequence of its weight, 
and 

the resistance from cohesion, C being a constant quantity, ^Vth of 
which we may take = 500, as in the preceding article ; whence 

yaS + Ca" 

will be the whole resistance opposed to the bank ; and, con- 
sequently, in case of an equilibrium, or of an equality between the 
feroe of pressure of the bank and the resistance of the wall, we 
shall have 

* general formula, from which x, the breadth of the wall, in all 
CMes may be determined 

V the vxM he rectangular, then y=i x, and a^h' x, and the 
*bove becomes 



or, a^ + 



6Z« 26^ 



Vtkvxill be triangular, then y=§ x, and a=i h' x, and the 
^Iwve becomes 



ih'^2? + Co? 
or, a? -¥ 



6P 2bl^ * 



|Vf»S + 2C^'" 2A'S^+6Cf»' 

Example i. — ^As an example, let the natual slope of a given 
*>il when unsupported, be 45°, and its specific gravity 2000, or 
toe weight of a cubic foot, 1251bs. ; and let it be required to deter- 
^^^ the breadth of a rectangular wall of soft givry necessary to 
•^pport it : the wall and bank being both 12 feet high ; and the 
^^c gravity of the wall 2500, or 156 lbs. to the cubic foot. 

Here &'=12, A=12, 6=12, Z=12V2, S=156, «=125, and 
C=:500. 

Whence, 

a? + 3-794 * = 15-176 ; 
or, aj = - 1-897 + V (1-897' + 15-176) = 2-435 feet. 



11# ^nSSi^TE Iff 

L.^'!T}^ii^. — — -L?; kl "SMt OBSfc TSEXiacL Tae ^g*^ to findtlu 
•r-:^:--! ii: '••'ir:iiL :r & -^nxoiuiiix "vtuL lOiXS '■rfH keep the 8am» 

HfTt inrmir '.nr ^erruii i'csnjfc itrri nznTttir^ "w^ have 

Tl_» i* ipj: Itlh: ErSereu: iron. ~Jii* iTciiisr. as> ingtt obviouB 
*. V :i.r ?Ar»Ti r»*s:a,T2Ji* k rr*aj Titr: x "li** r=s55tA&r»r is dae to tl 
'.f.'i-^if c :c lijT ':»:t., OL fr^rdnL "Jik sraanc frrc ii>r '■■ei^ht beii 
fs,r:L.vijii::zT^T smkZ : ii if sniTLiEr uittrssre^, i£su the fonD 

'.-: *:Li* j*r :c«:»»cTi:c^ ifc* ii: rtsriraiiae ^; izyt 'm-kHs oc4iesioiL 
"■-.'." f.»e '.'IfSnTTT^L iis^. iLss ir lie iinTi zL-ressri-Ti-i'n »e have n 
r. :>yi*Tr^i •Le fMD:«i cd" iLr r*-:* sTzdMS? . liS* 5»» -x' o:«arse, ve 
fv. vii-fir^rfci'Lr. aiZfii will rc^raoe iLt TliikzresB :c lit '■tiZ lo a quanti 
1*^ iliiu ibe ib-i'Tc- EijteniDtSii* arr. iL^^z^rt^ neoessaiy 
es-^a vl:*L iLi* p:-iiii : hi ii*e ukax. tlujt h hat l»e -cieenred, that 
h I' ajTivi de*=irilCr ibaa lirr re5i5niz>c*e of iLe wail should 1 
uy/r^ triMi t^qual vi* ite pies?:2rc h has lo ?:i5iaaii. h will be saf 
t-o '.il:: :: entirelT iLaa to iiktrcdux- h wriL'>i:t rerr correct dat 
dniwii froiii the resTiiis of eipennteiiis carrieid c«i i:p>ii a -lar} 

£xorf']^U IIL — ^S-jf'p'-iaLg the w»il to l^e btiih erf the best sto 
brick, whicfi wei^h? 10C» ft»&. to the cubic foc»L and that a cul 
f^x>t of th'? earth weighs 96 fte. ; also that the bank is 12 f< 
h'liih, atA the itatoral slope of the soil is 30^ : what must be t 
thickrie-sj of the rwrtangolar wall that will just prevent the ba 

from feHppirjg ? 

fJyyimpU iv. — With the same data, required the thickness 
the wall at Untora, supposing it in the form of a triangular wed 
ai$ iij the *f:Cfju<i example above. 

fyw/impU V. — ^To find the thickness of an upright rectangu 
wall fj^^re^win' to support a body of water, the depth being 10 U 
hw\ the wall 1 2 feet high, the specific gravity of water being 10 
and tbe >>^rKt frt/xjk V>rick 2000. 

/ijyirarU VI. — Re<juired the thickness of the wall at bott< 
kUftfpffHiuij; the data the same as in the preceding example, but 
wall Uf U: ifi the form of a triangle, as in examples il. and nr. 

SoU. --The pr^^nre in the last two examples is to be estima 
ofi the priricipleK of the press*ure of fluids. 
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119, Bemark, — The above can only be considered as a very 
imperfect sketch of the theory of Revetments, at least as relates to 
its practical application, for want of the proper experimental data ; 
being merely given, in connection with our general theory of the 
strength of materials, for the sake of introducing considerations 
relative to the cohesion of walls, &c., which have been commonly 
omtted: and the consequence has been, that, according to all 
theories (and there have been several), the computed thickness of 
the wall has very far exceeded what was ever considered to be 
practically necessary. 

To render the theory complete, with respect to its practical 
application, it is necessary to institute a course of experiments 
upon a laige scale : first, upon the strength of common cement 
ttd molar; and, secondly, upon the force with which different soils 
tend to slide down, when erected into the form of banks. A well- 
conducted set of experiments of this kind would blend into one 
^hat many writers have divided into several distinct data. Thus 
«ome authors have considered first, what they call the natural 
"lope of different soils, by which they mean the slope that the 
*^ce will assume when thrown loosely in a heap ; very different, 
^ they suppose, from the slope that a bank will assume that has 
"6^ supported, but of which that support has been removed or 
overthrown. This, therefore, leads to the consideration of the 
Wction and cohesion of soils, and what is denominated the slope 
<rf maximum thrust : but however well this may answer the pur- 
POBe of making a display of analytical transformations, I cannot 
^nink it is at all calculated to obtain any useful practical results. 
* should conceive that a set of experiments, made upon the abso- 
lute thrust of different soils, which would include or blend all these 
^ in one general result, would be much more useful, as fumish- 
^ less causes of error, and rendering the dependent computations 
l^^nch more simple and intelligible to those who are commonly 
^terested in such deductions. 

We may further observe, that the method of resolving the force 
^the bank at the point I, instead of the point F, which former is 
^oviously the effective point as regards the lever by which the wall 
^^, shows, that while the continuation of the slope falls within 
the base of the wall, the soil which forms it will add to the stability 
o» the revetment ; which is conformable to the experiments of 
^jor-Qeneral Pasley. (See vol. iii. of that author's " Course of 
Wlitary Instruction.'') 

I 2 



ON THE STRENGTH OF CAST IRON. 



Direct Cohesiaiu 

120, Cast iron is but seldom employed to act as a tie, or to 
resist by its direct cohesive power, for which purpose it is not con" 
sidered well calculated ; not perhaps because it has not sufficient 
strength, but because its strength is not certain, and that i^ 
accommodates itself less to any cross strain than malleable iroo* 
A bar of malleable iron will admit of considerable torsion withoat> 
any great diminution of its direct strength, but in cast iron this i 
not the case, and any twist brought on a bar with a direct strain 
pretty sure to produce fracture long before the whole of its diret^'fc 
strength is called into action. 

The three following experiments give a mean of 814 tons, o* 
about 18,000 lbs. per square inch, viz. : 

Experinient 1. — By Captain Brown, on a bar 

\\ inch square, which was broken with 11 '35 tons, or per square inch . 7 '" 

Experiment 2. — By George Rennie, Esq., on a bar 

\ inch square, cast horizontally, which was broken with . 1193 lbs., eo 

or per square inch ^ 

Experiment 3. — By the same, on another bar 

i inch square, cast vertically 1218 lbs., .-^ 

or per square inch ^ ' 

Mean . . . ^ 

Numerous experiments upon iron of various manufactures, co^" 
ducted by Mr. Hodgkinson, and recorded in the Report on th^ 
application of cast iron to railway structures, give for the lowest 
quality a direct cohesive strength of 5667 tons ; for the best, i^ 
strcngtli of 11 '502 tons ; and for the mean, 7*29 tons. 
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On the Strength of Hydrostatic Presses, 

It has been remarked that cast iron is seldom employed to 
direct strain, but there are some cases in which this is 
able, and amongst others, in hydrostatic presses and water 
for the tendency of the internal pressure is here obviously 
open the cylinder longitudinally, and its power of resist- 
only the direct cohesion of the particles of metal in its 
linal section. It would at first sight appear that the 
1 of a cylinder exposed to an internal pres^re must be 
ional to its thickness, but practically this is not the case, it 
)und necessary to increase the thickness in a much higher 
ion than in that of the strain. My attention was called to 
parent mystery some years back, by Mr. Kier, who was 
1 in the manufacture of hydrostatic presses, and it led me 
bllowing investigation of the subject, which was presented 
institution of Civil Engineers, and has been since published 
irst volume of their " Transactions." 

ib,bc, be any small elementary parts of the circumference, 
nay be taken as right lines, and 

pressure on each of them be 
p, which, being proportional to 
may be represented by the ele- 
themselves, ab,bc, these being 
licular to the direction in which 
jssure acts. Resolve these pres- 
r forces each into two rectangular 
I d, d b, and be, ec, of which, a d 

will represent forces acting per- 
ilar to their direction or parallel 

and d b and e c forces parallel to 

Z!onfining ourselves at present to the former, if we conceive 
tti-circumference D JB C to be divided into its component 
ks, it is obvious that the sum of all the forces acting parallel 
, will be equal to the sum of all the perpendiculars, ad, be, 
le whole diameter D C. That is, the sum of all the forces 
parallel to A B, will be to the sum of all the forces or 
B on the semi-circumference D B C, as the diameter to the 
■cumference. But the pressure on the semi-cii-cumference 
I to the number of inches in the same, multiplied by the 
B per square inch ; consequently the force or pressure 

parallel to A B, will be equal to the inches in the diameter 
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multiplied by the pressure per square inch, the ring being here 
supposed, for the purpose of simplification, only an inch deep. 
But to resist this pressure, we have the two thicknesses of the ring 
at D and C ; therefore the direct strains on the circumference at 
any one point, as D, will be equal to the pressure of the fluid per 
square inch multiplied by the number of inches in the radius. 

We should come to the same result more simply, but perhaps 
not so satisfactorily, by conceiving a section passing through the 
diameter D C ; then it follows that the pressure on this section, 
which is directly resisted at D and C, is equal to the number of 
square inches in the section multiplied by the pressure per square 
inch. Therefore the strain on D or C singly, is equal to the 
pressure per square inch multiplied by the inches in the radius ; 
the same as above. 

Having thus found the strain at D and C, it would appear at 
first, as is stated above, only to be necessary to ascei'tain the thick- 
ness of metal required to resist this strain when applied directly to 
its length : this, however, is by no means the case, for if we 
imagine, as we must do, that the iron, in consequence of the 
internal pressure, sufibrs a certain degree of extension, we shall 
find that the external circumference pai-ticipates much less in this 
extension than the interior ; and as the resistance is proportional 
to the extension divided by the length, according to the law t^ 
teiisio sic vis, it follows, that the external circumference, and every 
successive circular lamina, from the interior to the exterior surface* 
offers a less and less resistance to the interior strain : the law oi 
which decrease of resistance it is our present object to investigate. 

In the first place, it is obvious that whatever extension tb^ 
cylinder or ring may undergo, there will be still in it the sanoe 
quantity of metal ; or, which is the same, the area of the circuit 
ring, formed by a section through it, will remain the same, wbi^^ 
area is proportional to the difierence of the squares of the t^^ 
diameters. • 

Let D be the interior diameter before the pressure is exerted' 
and D+d its diameter when extended by the pressure. Let al^ 
D' be the external diameter before, and I)'+ d' the diameter aftefV 
the pressure is exerted ; then, from what is stated above, it follow^ 
that we shall have 

D'» - D2 = (D' + df)^ - (D + d)« ; 
or, 2D'd' + d'2 = 2Dd + cP; 
or, 2 D' + cf : 2 D + d : : d : d' ; 

or, since d' and d are very small in comparison with D' and D, this 
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inalogy becomes D' : D : : d :d\ That is, the extension of the 
oterior surface is to that of the interior as the interior diameter 
to the exterior. 

But the resistance is as the extension divided Ly the len^h ; 
therefore the resistance of the exterior surface is to that of the 

D ly 

intaior as ^ i g , or as D' : D". That is, the resistance oflFered 

bf each successive lamina is inversely as the square of the 
diameter, or inversely as the square of its distance from the 
centre ; by means of which law the actual resistance due to any 
thickness is readily ascertained. 

Let r be the interior radius of any cylinder, t the whole thick- 
ness of the metal, and x any variable distance from the interior 
Bwfece. Let also 8 represent the strain exerted at the interior 
lur&ce. Then by the law last illustrated we shall have 

(r + at)' 

fcr the strain at the distance x from the interior surface ; and con- 
sequently y-r — - — |p +Cor.=the sum of all the stmins, or the 
lun of all the resistances. This becomes, when 

^ \r r + t/ r + r 

Iwit is, the sum of all the variable resistances due to the whole 
^iidaiess t, is equal to the resistance that would be duo to 

4e thickness ^^ ^ acting uniformly with a resistance ». 



^y^voaiion of this Ride for computing tlie proper Tldcknesa of 
Xetal in a Cylindric Hydraulic Press of given Power and 
lii'mmdoTis. 

123, Let r be the radius of the proposed cylinder, p the 
P'fiSBure per square inch on the fluid, and x the required thick- 
^ : let also c represent the cohesive strength of a square inch 
n^d of the metal. 

Then from what has preceded it appears, that the whole strain 
"^e to the interior pressure will be expressed by p r, and that the 
P^atest resistance to which the cylinder can be safely opposed is 

^^ ~7^ : hence, when the strain and resistance are in equi- 
fibrio, we shall have 
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Hence the following rule in wonb for computing the 
of metal in all cases ; viz., multiplr the pressure per a 
b; the radius of the cylinder, and divide the produ 
difference between the cohesive strength of a square i 
the metal and the pressure per square inch, and the qu 
be the thickness required. 

At present we have only considered the circumferent 
tu find the longitudinal strain, we have to multiply the : 
piston by the pressure per inch ; while the resistance in 
tion will be equal to the cohesive power of the metal mi 
the area of the transverse section of the cylinder ; so 
Uieso are equal to each other, we shall have 
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On tlte Strength of Direct Cohesion of various A 

123, Ah but few applications of other metals thai 
cnlli'<l for under circumstances of great importance, the 
exiHirimniits upon them are very limited, and these an 
njxin their direct strength. We shall content ourselves 
with giving the following Table of Results, from experin: 
in W'Mjlwic)! Dockyard ; and others by George Rennie, E 
Trans." 1818.) 
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DIBECr 8TBENQTH OP TABIODS HETALS. 

TjiiLn or THK PtBBCT coHEsm rowKu or tabiour hbtals. 
TABLB I. 



« rdlor ITtK ty Mr. JoAn Sing^on. 



*»rf 


Quint«7 n«lchod in 


BniiUDff irdcht 




K. 


(ourfeeL 


■atom. 






KE(0« COFFER. 






WUhtou 


iKh. 


TOBfc 






15 ... 


003 


S2 


Bit SB 






100 


23 


Ellgft 






lis 


21] 


60607 






lis 


164 


4857S 






1S7 


17 


600SO 






125 


17 


S0786 






12S 


12 


S12S6 






12S 


12 
13 


19IS5 






OSS 


cioea 






125 


9 


*7104 






137 


81 


*S797 




» '■■ ■"' 


B 


17104 








1I«M . . 


4HS9 -S2'ltow. 





ORERNPELL'B GOFFER. 






15 ... 137 


IBl 


45872 




16 ... las 


19t 


45372 




15 ... -las 


18 


41881 




12 ... -125 


IB 


40369 




12 ... -ISO 


15 


45633 




13 ... '160 


1* 


13426 




8 ... -100 


13 


600B8 




9 ... -112 


13 


SO0B8 




8 ... -087 


131 


52989 




8 ... -100 


H 


47727 




S ... -12S 


9 


44IG0 




C ... -135 


n 


428S2 






Ueu . . 


46329 = 20-7 toiu. 


FATENT TKLLOW METAL. 






IS ... -160 


23^ 


51750 




16 ... -230 


23 


50640 




15 


le 


41840 




H ... -250 


iflj 


50628 




12 ... -760 


m 


GGS29 




13 ... -600 


20i 


58617 




9 ... 200 


13* 


50098 




D^letiT« 


8 


3O830 




S ... 8-00 


in 


46172 




... 1-70 


»i 


49720 




8 ... 800 


8 


41870 




8 ... 3-00 


H 


48720 






Hun . . 


49185 = SI'S ton*. 
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TABLB IL 

ExperimetUi on the Strength of Direct Cohenon of variout Metah, By George Brnkj 

Etq. (from "PhU. TVaiw." 1818). 



No. 



MetaU 



Reduced to inch 
■quare. 



1 

2 

8 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 



}>i]ieb oast-iron bar, horiiontal oast . 
Ditto Tertioal cast . 

Ditto, cast sttel, proTionsIy tilted . 
Ditto, blistered steel, reduced per hammer 
Ditto, sheer ditto, ditto 
Ditto, Swedish iron, ditto . 

Ditto, English ditto, ditto 

Ditto, hard gan-metal 
Ditto, wronght copper, rednoed per hammer 
Ditto, oast oopper .... 
Ditto, fine yellow brass .... 
Ditto, oast tin .... 

Ditto, cast lead . . * . . 



1168) 
1218 ( 



1193 

8391 
8322 
7977 
4504 
3492 
2273 
2112 
1192 
1123 
296 
114 




On the Resistance of \-inch Iron Bars to a wrendiing Forc^ 

124, The following experiments were made by George Renn:^ 
Esq., and were published by him in the " Phil. Trans.,'* Part L, f^^ 
1818. The apparatus consisted of a wrought-iron lever, 2 fe^ 
long, having an arched head of about 60°, and 4 feet diameter, ^ 
which the lever represented the radius : the centre roimd which ^ 
moved had a square hole, made to receive the end of the bar to b^ 
twisted- The lever was balanced, and a scale hung on the arches^^ 
head ; the other end of the bar being fixed in a square hole, in ^ 
piece of iron, and that again in a vice. The under-mentione-^ 
weights represent the quantity of weight put into the scale. 

EXPERIMENTS 

ON TWISTS CLOSE TO THE BEARING, CAST HORIZONTAL. 
No. n>s. 02. 

1. l-incli bars, twisted as ander, with 10 14 in the scale. 

2. \ ditto, bad casting ... 8 4 
8. J ditto, 10 11 

Average . . 9 15 

CAST VERTICAL. 

4. i 10 8 

5. J 10 13 

6. i 10 11 

Average . . 10 10 

ON TWISTS OF DIFFERENT LENGTHS, HORIZONTAL CAST. 

7. 1 by 4 long 7 3 

8. i by I ditto 8 1 

9. i by 1 inch ditto ... 8 8 



RESISTINa POWER OF VARIOUS METALS. 
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fWUMSSTQ'-eontmued. 



YEBTICAL. 



No. 

10. 
11. 
12, 



'i by 1 long, twisted Monder with 
-by I ditto . . . . 

: ; by 1 inch ditto . . . . 



Sm. 

10 
8 
8 



oz. 



1 in the icale. 

9 

5 



CAST HOBIZONTAI^ TWISTS AT 6 INCHES FBOM THE BEABINO. 

18. ^ by 6 inches long . . 10 9 

14. } by ditto ditto . . ..94 

15. I by ditto ditto ... 9 7 

TWISTS OF 4-INCH SQUABE BARS, CAST HOBIZONTALLY. 



qrs. 

8 
2 



16. 1 doee to the bearing 

17. I ditto .... 

18. 4 '^t 10 in. from bearing, ) « 

leTer in the middle . ( 



Iba. 

9 
18 

24 



oz. 



12 end of the bar hard. 
middle of the bar. 



On Twists of different Materials. 

>• These experiments were made close to the bearing, and 
eights were accumulated in the scale until the substances 
mrenched asunder : 



No. 

19. Cast steel 

20. Sheer steel . 

21. Blistered steel . 

22. English iron 

23. Swedish iron . 

24. Hard gun-metal 
26. Fine yellow brass 

26. Copper 

27. Tin 

28. Lead . 



lbs. 


oz. 


19 


9 


17 


1 


16 


11 


10 


2 


9 


8 


5 





4 


11 


4 


6 


1 


7 


1 






will of course be understood that these experiments give only 
relative resistance to torsion, and not the actual resistance, 
liifi subject the reader should consult Tredgold*s " Practical 
y on the Strength of Cast Iron." 
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126. Experimenii 6y Otw^ Rennie, Etq,, <m Ruidance of Ccut Iron to a 

Force; from, ''PhU. Tran$r for 1818. 



8iM of the prism. 
Bide of 



base. 



inch. 

Do. 
Do. 



i 

Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 



i 
Do. 

Do. 

Do. 



J 

Do. 

Do. 
Do. 



i 
Do. 

Do. 

Do. 

Do. 



Do. 

I 

Do. 

i 
Do. 

Do. 

Do. 

Do. 

i 

Do. 

Do. 
Do. 
Do. 



Height 



inch. 

k 

Do. 
Do. 



I 

Do. 

i 

1 

! 



i 

Do. 
Do. 
Do. 



i 

Do. 

Do. 
Do. 



\ 
Do. 

Do. 

Do. 

Do. 



Do. 

4 
Do. 



i 

I 

t 

i 
» 

J 



Speciflo 
gratlty. 



7083 
Do. 
Do. 



6977 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 



6977 
Do. 
Do. 
Do. 



7118 
Do. 
Do. 
Do. 



7074 
Do. 
Do. 
Do. 
Do. 



7113 

7074 

7113 
Do. 
Do. 
Do. 
Do. 
7074 
Do. 
Do. 
Do. 
Do. 



Crushing 
weight. 



Ibe. 
1454 
1416 
1449 



1922 
2310 
2363 
2005 
1407 
1748 
1594 
1439 



10561 
9596 
9917 
9020 



10432 

10720 

10605 

8699 



12665 
10950 
11083 
9844 
11006 



9455 
9374 
9938 
10027 
9006 
8845 
83G2 
6430 
6321 
9328 
8385 
7896 
7018 
6430 



Moan from 
««chset. 



Remarks. 



lbs. 
1440 



{ 



These specimens 
from one block. 



} 

1 



2116 



}- 1758 



J 



Iron from a block. 



{ 



These spedmens 
from the same 1 



9773 



{ 



These specimens 
from the same 
as above. 



10114 



{ 



These specimens 
froQl horizontal 
ings. 



1 



11136 



{ 



These specimens 
yertical casting: 



9414 ' Horizontal casting. 

I 

9982 I Vertical casting. 



Horizontal casting 



-\ 



\ 



Yertical castings. 
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127, Similar Experimenti on different Metals, 




SbBoftheprlBm. 

Bideoi 

Height 



Specific 
gravity. 



.Cruahing 
weight. 



Mean from 
each set. 



Rexabks. 






ixich. 
i 

Do. 



Do. 

Do. 
Do. 



Out copper. 

Braaik 

r Wrought 1 
\ oopper. J 

Cast tin. 

OMtlead. 



lbs. 
7818 

10804 



6440 

966 
483 



Cnimbled by the pressure. 
Fine yellow brass reduced 
Voth with 8213 lbs. ; i 
with 10804 Ibik 
Reduced -^th with 8427 
\ lbs. ; i with 6440 lbs. 
r Reduced ji^th with 552 lbs.; 
i i with 966 lbs. 
Reduced 4 with 488 lbs. 



li^ these experiments, after the metals had been compressed to 
a certain extent, the resistance is stated to have been enormous. 

On the Transverse Strength of Cast Iron, 

128. The form in which cast iron is most frequently employed 

ifi to resist a transverse strain, as in rafters, girders, &c., &c., and 

I niimerous experiments have been made to determine the requisite 

iitafor computing the proper dimensions in these cases. Amongst 

the earUest experiments of this kind were those of Mr. Banks, in 

Wb" Treatise on the Power of Machines." These were made by 

^ing the ends of square inch bars on supports at 3 feet distance, 

wid then loading them with weights at their centre till fracture 

took place : the results were as follow : 



Naof 


Distance of 




Breakiuff 


expttriment. 


supports. 


Depth. Breadth. weight. Mean. 


1 


86 inches 




... X ... fOO 1 <7(:i| 
1 ... 756 \ 


2 


86 


• • • 




3 


80 


• • • 




1 ... 1008) f,.f. 
reduced to 36 inches. J ^*" 










4 


86 


• • • 




1 ... 968) 


5 


86 


• • • 




1 ... 958 1 972 


6 


86 


• • • 




• •■ X »•• «7i7a 1 


7 


86 


• • • 




# 

• • • X • • > 






average 


of three other experimeuts . 780 


8 


86 


• •• 


1 


... 1 ... 874$ ^^^ 


9 


86 


• • • 


1 


10 


86 


• • B 


1 


by Mr. George Rennie \ ^^^ 


















6) 5064 



Mean . . 844 

^"6 position of the neutral axis is not of much importance in 
^oe caae of timber, bars or beams of this material being generally 
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rectangular where strength is required ; and the strength of one 

being known, that of others may be computed without reference to 

this datum : but it is very different in cast iron, because in this, 

bars may be cast of various forms, and the strength of these cannot 

be computed without knowing the position of the axis in question. 

To compensate for this want of information, however, Mr. Hodg- 

kinson has supplied us with numerous results on bars of different 

forms, which will be given in the sequel. From the preceding 

mean result we obtain for our value of S in cast-iron rectangular 

bars, 

I w 

> 7596, or 7600, nearlj. 



8 = 



4acP 



Mr. TredgoldJa Experimenta. 

129. In these the depth of the bar was '65 of an inch, and tbe 
breadth 1*3 inch. They were securely fixed at one end, the load 
being applied at the other, the leverage being in each case 2 feet 















VahMof 8. 


No. of 
experi- 


Kind of iron. 


Length. 


Breadth. 


Depth. 


Breaking 
weight. 


8 '^ 


ment. 












4a<t" 






inches. 


inch. 


inch. 


tbs. 




1 


Old Park . 


24 


1-3 


•65 


184 


8040 


2 


Adelphi . . 


24 


1-8 


•65 


173 


7560 


3 


Alfreton . 


24 


1-3 


'65 


168 


7841 


4 


Scrap iron . . 


24 


1-3 


•65 


174 
Mean 


7638 
. . 7645 



These values of S agree very nearly with that obtained from th * 
preceding mean. 

We may, therefore, with confidence state the constant (S) f(^ 
rectangular cast-iron bars to be 

S = 7620. 



On the Deflection of Cast Iron when submitted to a Transverse 

Strain, 

130. On this subject Mr. Tredgold * has furnished us with the 
four following results : the bars were like those given above, twc 
of each kind having been cast for the purpose of the experiment. 



« t% 
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EXPBBIMBNT 1. 



OLD PARK IRON. 



) specimens run from this kind of pig iron, each 3 feet in 
I ; smooth, clean, and regular castings. The section of the 
ectangular, depth 0*65 inch, breadth 1'3 inch ; the supports 
3t or 35 inches apart, the load suspended in the middle. 



Weight applied. 


Deflection, 1st bar. 


Deflection, 2nd bar. 


60 lbs. 
120 
162 

182 

190 


Bent 0*1 inch. 
0-2 
0*265 

0-305 small set 

0-32 set -005 


Bent 0*1 inch. 
0*203 
0-275 
0.311 set barely 

\ perceptible. 
0*33 set 005 



3 iron was slightly malleable in a cold state ; jdelded easily to 
le. The fracture dark grey, with little metallic lustre, fine- 
ed and compact. 

3 may consider 162Ifos. as the greatest load it would bear 
>ut impairing its elastic force, and 0*27 as the mean between 
exures produced by this weight, or 6=0*27. 

Pw 



Whence E = 



• 16 a c{3 8 



4503600. 



BXPBRIMENT 2. 



ADELPHI IRON. 



le specimens of this iron were clean, good castings, of the same 
anions as the preceding ; that is, depth 0'65, breadth 13 inch, 
^ce of supports 35 inches. 



WdghtappUed. 


Deflection, let bar. 


Deflection, 2nd bar. 


60lbik 
120 
162 
182 


Bent 0*1 inch. 
0*2 

0-26 no set 
0*30 set -0075 


Bent 1 inch. 
0-205 

0-27 no set 
0-305 set -005 



^g the mean deflection with 162 lbs. at 265, we find 



B = 



Ida cP^ 



^ 4588400. 
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BXPBRDCBNT 8. 

ALFRETON IRON. 

Same dimensions and distance of supports as in the preceding. 
viz. 

d = -65, a = 1*3, I = 36. 



Weight applied. 


Deflection, Ist bar. 


Deflection, 2nd bar. 


eoibe. 

120 
162 
183 


Bent 01 incJi. 
0*2 

0*27 no set. 
0*31 small set 


Bent 0*1 inch. 
0*196 

0*28 no set 
0*325 small set 



Taking '275 as the mean deflection with 162 iba, we find 

PW 



B = 



16 a dP 9 



= 4421600. 



BXPEEIMBNT 4. 



SCRAP IRON. 



These bars were run from old iron ; they were uneven on tl 
surface. Dimensions as before. 



Weight applied. 


Deflection, Ist bar. 


Deflection, 2nd bar. 


60 Ibfl. 
120 
162 
180 

190 

210 


Bent 0*09 inch. 
0-18 

0-25 no set. 
0-28 no set 

0-80 small set 

0-84 set *005 


Bent 0*09 inch. 
0-18 

0-255 no set 
2-285 do. 

0-30 /~*'»?* 
{ certain. 

0*34 set *004 



On these experiments Mr. Tredgold observes, that these ba 
showed no signs of a permanent set with 180 lbs. ; but to whate^ 
cause this greater range of elastic power may be owing, it wo\3 
certainly be unsafe to calculate upon it. The iron was very ha 
to the file, and very brittle fragments flying ofi* when hammered 
the edge, instead of indenting, as the preceding specimens. 

Taking '2525 as the mean deflection with 162 lbs., we have 

P w 

E = ---- -.3- = 4815600. 
16 a d^ 



TRANSVERSE STRENGTH OF CAST IRON. 129 

Excluding this as an unusual specimen, we have as a mean 
firom the other three experiments, 

B = 4508000 

for the mean elastic power of cast iron to the nearest fourth figure ; 
the other places are supplied by ciphers for the sake of simplifica- 
tion, their real value being unimportant. 



Oomparisan of the Strength, Stiffness, cfec, of Cast Iron with 

good English Oak. 

18L By the Table of Data (Art 101), it appears that the value 
^f S, for the best specimen of English oak, is 1672 ; and from the 
preceding experiment for cast iron, S=7645, that is, strength of 

oak : cast iron : : 1 : 4'5 nearly. 
Stiffness, oak : cast iron : : 1 : 13 nearly. 
Sp. gray., oak : cast iron : : 1 : 8 nearly. 

If we consider that 170 lbs. in these experiments is just within 
*^« elastic power, we find 

« = IT^ - 2076. 

"•^liich IB little more than one-third of the greatest value of S, viz., 

• ^5. Cast iron may, therefore, be considered to have its elasticity 

^^«troyed with about one-third the weight that will produce frac- 

**^^; it ought, therefore, not to be loaded in permanent con- 

^tuctions to more than this amount. 



182. The following Table exhibits the results of experiments 
^Me by Eaton Hodgkinson, Esq.,* to ascertain the tensile and 
^nidiing strengths of cast irons, from various parts of the United 
Kingdom, the general properties of these irons not having been 
ixteviously obtained. 

The specimens torn asunder had their sections in the 
^exed form, and the crushed specimens had cylindrical 
^ons turned to be | inch diameter, the length being 
\ and 1 J inches respectively. 

* Beport of Um Commissioners on the Application of Iron to Railway Stmclures. 
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The general ratio of the powers to resist tension and compression 
from the simple irons in the above table is 1 : 5*6603. Mr. Stirling s 
iron is omitted, it being a compound iron. In the previous ex- 
periments of the author, made in the same manner as those above, 
upon eleven kinds of cast iron, the mean ratio of the tensile to the 
crushing forces was 1 : 6*595.* The whole of these experiments 
combined will include the above properties of most of the leading 
irons in the kingdom. 

ExpervmenU to determine the Tenaile Strength of Cast Iron, iri' 
different forma of Section, to ascertain whether the Mter, 
the Area being the same, has any influence on the Strength. 

All the experiments were made in the same manner as those in 
the preceding Table, and great care was taken, as before, in order 
that the direction of the straining force should be through the 
centre of the casting. The forms of section were cruciform, 
rectangular, and circular ; and the dimensions, according to the 
models, as in the annexed figures. 
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The area of the section in each case was intended to be 4< inches 
The exact area is given with the result of each experiment. 



Description of Iron. 



Form of 
section. 



Area of 
section. 



nreaking 
weight. 



Breaking 

weight per 

square inch of 

section. 



Moon breaking 

weight per 

square inch of 

section. 



Bowling Iron, 
No. 2 ... 



Cruciform ... 
Rectangular 



Incheti. 


Ihs. 


(4-477 


68955 


^4-445 


67611 


( 4-184 


62683 


( 4128 


68651 


\ 4-231 


60891 


( 4-139 


55963 



lbs. tons. 
154C2-6-876 
15210 = 6-79 
14981=6-687 
14208 = 6-34 
14388 = 6-42 
13520 = 6036 



15198 lbs. 
= 6 784 toot. 

14039 lbs. 
= 6-267 toni. 



t 



* Notwithstanding the fact, that the ultimate compressive resistance of cast iron is to 
its ultimate tensile resistance, as about 6:1; and also, that cast iron girders, having 
the sections of their flanges in that proportion, have given the highest ultimate rraistanoe ; 
it is the practice of Continental enpncers to distribute the metal equally between the 
top and hottom flanges. This plan may be justified on the ground thai, within a certain 
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iJMBiiptiaii <rf Iran. 



Farm of 
sectioii. 



Area of 
section. 



weight. 



Breaking 

weight per 

square inch of 

■ectioD. 



If ean breaking 

weight per 

square inch of 

section. 



^Tmbo Iron, 
No. 3 



^} 



BbeoftTOQ Iron, 
Ko. 2 ... 



^AenftTon Iron, 
^o. 2, aeoood 
Jneliiog ... 



Cndform .. 
Bectaogolar 



Cmciform *... 
Ciroolar 

Cradform ... 
Circnlar ... 



Inches. 



4 
4 
4 
4 
4 
4 

4 
4 

4 
4 

4 

4 
4 
4 
4 
4 



496 
731 
273 
241 
189 
314 

313 
252 
227 
126 
216 

440 
246 
076 
029 
264 



Ibe 

65819 

67163 

68059 

58651 

55963 

59995 

62235 
57755 
64027 
59995 
62235 

(a) 63131 
(6) 64923 
(c) 64923 
{d) 60443 
(«) 68507 



lbs. 

14639: 
14196' 
15927= 
18829: 
13359: 
13907= 



tons. 
6-535 
6-337 
7-110 
6178 
5-963 
6-208 



14430=6-442 
13583 = 6-064 
15147 = 6-762 
14541 = 6-491 
14762 = 6-590 

14219 = 6-348 
15290 = 6-826 
15928 = 7-111 
15002=6-697 
16066 = 7-172 



14921 Ib«. 
= 6-661 tons. 

13698 lbs. 
= 6 115 tons. 

14006 lbs. 
= 6-253 tons. 

14817 n.8. 
= 6-614 tons. 

14754 lbs. 
= 6-586 tons. 

15665 %B, 
= 6-993 tons. 



Nora. — The BlaeoaTon Iron, No. 2, having been subjected to a second melting, had 
■^Qr csstingB oat of fire nnsoand, the only sonod casting being that marked (e) ; and 
^*><>ae of the cmeifonn section were somewhat more unsound than others. As tiiis iron 
'^^d BOW become Terj hard, and was in a state seldom used in practice, it would not run 
"V^U into Binall moulds. 

^li« easting in experiment (a) was rery defective in the place of fracture ; the area of 
^^^ defect being one-fourth of a square inch, or upwards. 

^be casting in experiment (6) was slightly defective in three places, and was very hard. 
^ ^hm easting in experiment (c) had a defect, and '* cold shot" on one side in the place 
^* fti^cture. 

^^« easting in experiment (d) had two defects in the place of fracture. 

^He castings from all the other irons wei e sound, and were from the first melting of 
pig^ ; the second melting was tried to ascertain its effect on Blaenavon Iron, No. 2. 



,^,frcm the prteeding Table^ of the comparative Strength per Square Inch in 
€}aMimg$ t/ different forma of Section^ that of the Cruciform being represented 
djr 1000. 



I^cacription of Iron. 



SU'ength 

of the cru- 

eif onn. as 

sumedas 

aIOOO. 



I^^wlinglron, No. 2 . 
,^i7iBboIn», Mo. 8 . 
^««QavonIn», No. 2 
|^U«BavonIron, No. 2. > 
seoond melting { 



1000 
1000 
1000 

1000 



strength of sections 
of other forms. 



924, rectangular 

918, rectangular 

1054, circular . 

1062 circular . 



Rem ARKS. 



First melting : castings all sound. 
Ditto. 
Ditto. 

J Second melting : very hard, 4 
out of 5 unsound. 



- Mean ratio from the sound castings, first melting, 1000 to 965. 

^*>^«nl mean ratio, induding the ''second melting,** and unsound castings, 1000 to 9894. 

^it, the daatidty of east iron under compression is about equal to its elastidty in 
^f^oQ; so that^ aa it is supposed the girder will never receive more than about one- 
"fUi of its breaking weight, the metal in it, by an equal distribution, will be more 
and ft greater rigidity will be ensured. — Ed. 
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The difference of ttrengUi obUined from the leoond melting of the Bleenitw Ixo>i 
No. 2, ii greater than it would hare been if all the caitingi had been equally nnaood, 
bat tboie of the crncifonn eection were lomewhat more defective than the othert. 

From the experiment! generally, it appeara probable that there ii little, or no eantiil 
difference in the tensile itrength of caet iron, arising from the form of its section only; 
and that the difference of strength in favour of the cruciform section is chiefly attribaUbk 
to the metal being harder in the thinner sections than in the others. 

133, The following is an extract from " Papers " on the above 
subject by W. H. Barlow, Esq., F.RS., read before the Roya 
Society, entitled : — 

On the Existence of an element of Strength in Beams subjecUc 
to Transverse Strain, arising from the Lateral Action ofth* 
fibres or particles on each other, and nximed by the Author 
the " Resistance of Flexure.'** 

It has been long known, that under the existing theory of beams 
which recognises only two elements of strength, namely, the resist 
ances to direct compression and extension, the strength of a bar o 
cast iron subjected to transverse strain cannot be reconciled witl 
the results obtained from experiments on direct tension, if tb< 
neutral axis is in the centre of the bar. 

The experiments made both on the transverse and on the direc 
tensile strength of this material have been so numerous and s 
carefully conducted, as to admit of no doubt of their accuracy 
and it results from them, either that the neutral axis must be a* 
or above, the top of the beam, or there must be some other caufi 
for the strength exhibited by the beam when subjected to traii^ 
verse strain. 

In entering upon this question, it became necessary to establis 
clearly the position of the neutral axis, and the following expet 
mcnts were commenced with that object ; but they have led ' 
others, which are also described herein, and which establish tJ 
existence of a third, and a very important element of strength • 
beams. 

I was desirous that the experiments for determining the positic 
of the neutral axis should be made on such a scale and in such 
manner as to place this question beyond doubt ; and with th 
object the following means were adopted : — 

Two beams were cast, 7 feet long, 6 inches deep, and 2 inches i 
thickness ; on each of which were cast small vertical ribs at interva 
of 12 inches : these ribs were one-fourth of an inch wide, ai 

* PLilosophical Transactions of the Royal Society of London, 1855 and 1857. 
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projected one-fourih of an inch from the beam. In each rib 
nine small holes were drilled to the depth of the surface of the 
beam, for the purpose of inserting pins attached to a delicate 
measuring instrument ; the intention being to ascertain the posi- 
tion of the neutral axis by measuring the distance of the holes in 
the vertical ribs when the beam was placed under different strains. 
The measuring instrument consisted of a bar of box-wood, in 
which was firmly inserted, at one end, a piece of brass, carrying a 
8teel pin ; and at the other end a similar piece of brass, carrying 
the socket of an adjusting screw. The adjusting screw moved a 
hrass slide, in the manner shown in Plate VI., which carried another 
pin similar to that inserted in the box-wood bar, at the other end 
of the instrument. The instrument was first made entirely of 
hrass ; but the effects of expansion from the heat of the hand were 
80 seDsible, that the wooden bar was substituted. The pins on the 
instrument fitted loosely into holes in the beam ; and the mode of 
Bang the instrument was, to bring the pins up by means of the 
screw against the side of the holes with a certain degree of pressure, 
which, with a little practice in using the instrument, was attained 
with considerable accuracy. 

Two beams were employed in order to avoid errors which might 
wise from accidental irregularities in the metal The head of the 
^justing screw was graduated to 100 divisions, and the screw had 
WD threads to the inch, so that one division was equal to 4 ] p ^ th 
ofanmch. 

The measurements were, in all cases, taken by the outsides of 
^e pins of the measuring instrument ; and when the instrument 
^ zero, the actual distance of the outer sides of the two pins 
^^ VAV ii^ches, so that the constant number 51661 being added 
|o the micrometer readings gives, in each case, the total distance 
^ terms of 4 jg^^ th of an inch. The form and dimensions of these 
*^^*nis are given in Plate VII. 

The measurements were taken four times in each position of 
*oe beam, and the error of measurement did not generally ex- 
^ from one to two divisions ; but if in the four observations 
^ error amounting to more than four was found, it was corrected 
"y remeasurement 

The numbers given in the following Tables are the micrometer 
'^ings, and the means of four observations in each case. In 
ftese experiments more than 3000 measurements were taken ; but 
to avoid unnecessary figures, only the more prominent results are 
given. 
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Table No. I. contains the measurements of the cent: 
of the first beam under eight different conditions 

Table No. IL contains similar measurements of t 
beam. 

In the first experiment it was found that, when the 
inverted, the measuring instrument appeared to bej 
different part of the holes, so that a direct compariso: 
the distances, in the beam erect and inverted, cannoi 
with the same accuracy as the comparisons of differe 
upon the beam when in the same position. The first 
been subjected to strain for the purpose of testing the 
instrument previous to these experiments being mad< 
second beam had not ; and it will be seen that the eff 
strains in the latter case caused a permanent lengt 
the beam. The same strain was frequently applied : 
but I could not observe any increase of this effect ' 
certainly a further apparent lengthening of both beai 
ascertained that this arose from a slis^ht wearing: of th 
parts of the measuring mstrument. from the great , 
measurements taken. In both experiments the beam was 
first, in an ei*ect position ; and secondly, inverted ; b 
Tables, the measurements of the same parts of the beam 
opposite each other, so that they may be compared t 
with gi'eater facility. 
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Considering the very minute quantities which had to be 
measured, and the numerous causes of disturbance to which 
observations of so much delicacy were liable, such as changes of 
fcemperature or want of perfect uniformity in the dimensions or 
texture of the beams, the results, as shown by the column of 
differences, exhibit more regularity than could have been expected ; 
■nd they point out the position of the neutral axis, as the centre 
of the beam, in a manner so decided, as to remove all further 
doabt upon this subject, not only in the smaller strains, but in the 
larger ones also ; which, in the case of the second beam, were carried 
to about three-fourths of the breakieg weight. 

It will be observed also that the extensions and compressions 
nicrease in an arithmetical ratio from the centre to the extreme 
opper and lower sides of the beam. 

These experiments having established the fact that the neutral 
ixis is in the centre of a rectangular beam, and that its position is 
not sensibly altered by variations in the amount of strain applied, it 
becomes evident that if there were no other elements. of strength 
ihan the resistances to direct extension and compression, the well- 
bown formula 

ihonld give the breaking weight when / is equal to the smaller of 
ti^ two resistances, which in cast iron is the tensile resist- 
VK». But the weight so calculated is less than half the actual 
length of the beam. 

In considering this question, I was forcibly struck by the circum- 
•toce, that, in applying the law of " ut tensio sic via*' to con- 
tiguous fibres, under dififerent degrees of tension and compression, 
uie effect of lateral adhesion is omitted, and each fibre is supposed 
^ be capable of taking up the same degree of extension and 
^pression from the same force as if it acted separately, and 
^ependently of the adjoining fibres. But it is well known as 
* practical fact, that there is a powerful lateral action which tends 
^ modify the effect of unequal strains. 

^ for example, a bar, abed, have a strain applied at efd 6, the 
Wion efdb will not be extended so much as it would be if 
*parated from acef, unless an equal strain is applied to the 
portion a c ef. And if a portion of a bar cannot be extended in 
proportion to the force applied to it, unless the contiguous part 
^ equally strained, it follows that the Outer poi-tions of a beam 
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a-4^l 



subjected to transverse strain will not be extended in pr 

portion to the force applied^ because the pa 
nearer the neutral axis is not equally straine 
The measurements made for obtaining the positii 
of the neutral axis afford direct evidence on tl 
point. 

In the first beam^ a strain of 57861bs. caused i 
extension of twenty-eight divisions of the micr 
meter ; the points measured were -{^iha of the dep 
of the beam. The extension at the outer fibres w 
therefore 28 x -{4=30 divisions. The micromet 
reading before the strain was applied was 211 
and the total distance of the points measured w 
2111 + 61661 = 53772. The effect of the stra 

caused therefore an extension of -53^7^ = ij^^ 

the length. The beam was 7 feet 4 inches Iob 
6 inches deep, and 2 inches thick ; and as 




W = 



or/ = 



_ 2adf 

^ 2ad 

3 X 88 X 5786 
2 X 12 X 6 



= 10,608 lbs. ; 



SO that, with a strain of 10,608 lbs. at the outer fibres, the extensi 
produced was ^-^^.^ of the length. 

But in referring to the experiments made by Mr. Hodgkinsi 
it will be seen that a force of 10,538, applied by direct tens 
strain, extends cast iron io^^g th of its length, being nearly doul 
that exhibited by the beam. 

In the second beam, a weight of 8000 lbs. (from the mean 
two results) produced an extension of forty divisions, which at t 
extreme fibres will be 40-}-^ = 44 divisions. 

The mean reading of the micrometer, previous to the strs 
being applied, was 1439 ; therefore the extension was 



44 



1 



1207 



61661 + 1439 

The strain at the outer fibres produced by this weight "^ 
14,666 lbs. ; so that 14,666 lbs. to the inch caused an extension 
yjijp^th of the length. 

But referring again to Hodgkinson's experiments on dir( 
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tensile strain, a weight of 14,793 lbs. produced an extension of 
^th of the length ; which is again nearly double that produced 
b; the same strain when excited by a weight applied transversely. 
From these and other considerations I was led to think it 
probable that the effect of the lateral action of the fibres or 
particles of a beam, tending to modify the effect of the unequal 
strains and opposite forces, and thus diminishing the amount of 
extension and compression which would otherwise arise, con- 
stitated in effect a resistance to flesxure; and it will be found 
that the following experiments fiilly confirm the existence of this 
resistance as an additional element of strength in beams ; and that 
it exphdns the apparent anomaly in the amount of tensile resist- 
ance when excited by direct and by transverse strains. 

Assuming the probability of a resistance, acting independently 
o( or in addition to, the resistance of direct tension and com- 
pression, and varying with the flexure, it occurred to me that it 
migbt be exhibited experimentally by casting open girders of 
the forms shown in figs. 2, 3, & 4 (see next page), having the same 
sectional area in the upper and lower ribs ; the same number of 
vertical ribs, but the distance between the horizontal ribs, and 
consequently the deflections of the girders, different. 

In tiiese girders the neutral axis would necessarily be (like that 
of the solid beam) in the centre, and the sectional area of the ribs 
subjected to tension and compression being the same in each, the 
arcmnstances under which rupture would ensue would be similar, 
^cept in the amount of flexure. 

The formula for the strength of a girder of this form is as 
follows: — 
Let 



a » ibe united area oontabed in the upper and lower ribs ; 
a' = the intervening space ; 
(i t= the total depth ; 

e = the distance between the upper and lower ribs ; 
2 » the length of bearing ; 
W = the breaking weight ; 
Hid P = the force required to produce rupture in the extreme 
fibres or particles. 






^■"■•m 
i^:^#» 



Then 



a ■•■ ^ = the total are* of the rectangle m, n, o, p, 
_ 2<iP,, . 2ea' eP 
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The formula may also be obtained by calculating the m 
in the usual way. Using the same letters as before, we hi 
the distance of the centres of compression and extension, 



8 



The force acting when F is the strain which breaks th 
fibre, will be 



F € 

2 



(^ * » 



Hence 



2 2 3\ d + c / \ 2 / 2 



or 



W = 



2Fa 
3^ 



( 



d + c + 



d 



> 



The value of W being obtained by experiment in each c 
have from the formula 

8ZW 

and if the strength depended only on the direct tensile p 
the material, F should in each case be constant, and equal 
direct tensile resistance ; but if, in addition to this, there 
another element of strength in the resistance occasioned 
lateral adhesion and varying with the flexure, the value of I 
be found, in every case, greater than the tensile resistance, 
increase when the flexure increased. 

Four beams were cast of each form, of which the deta 
exact dimensions, deflections, and breaking weights are gi 
the accompanying Table. The results were as follow, ol 
from the mean of four experiments on each form of girder :- 



Description of beam. 


Total depth 
of beam. 


Sectional area 

of the 

two ribs. 


1 Deflection 
Distance 1 with 
between ! nine-tenthn 
the ribs. 1 of breaking 

' weight. 


] 


1 *°- 
Form No. 2 . . 2*51 

Form No. 3 . . . 3*00 

Form No. 4 4*00 


in. 
1-98 
2 00 

1-98 

1 


in. 

•54 
100 
2 03 


in. 
•510 
•401 

•301 

1 





The value of F being derived from each of these results 

formula 

3/W 



F = 



"( 



rf + c + 
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Deflection. 


Value of F. 


Pofitt No. 2 .... 

Pom No. 8 

FoniiNo.4 . . . . 


•610 
•401 
•301 


85386 
81977 
28082 



The tensile strength of the metal obtained from the mean of eight 
experiments, given in the Appendix, was 18,750 lbs. ; here, there- 
fore, was decided evidence, first, that the value of F exceeded the 
tensile strength in all three forms, and tlfet it increased with the 
increase of flexure. 

In connection with the above-described experiments, I made 
four others on solid beams having the same sectional area and 
length as the open girders ; and the mean of the four gave a 
breaking weight of 1888 lbs. Obtaining the value of F from these 
experiments, we have, — 

Deflection with nine-tenths of breaking weight, *670. 
Yalne of F, 41709 lbs., 

yhich again exhibits an increase in the value of F, with an increase 
^ the deflection. 

The foregoing experiments having shown that in girders con- 
taining the same depth of metal, the resistance arising from the 
*teral action of the particles depended on the amount of the 
flexure, I thought it desirable to make other experiments to 
•^rtain how this resistance varied in girders having the same 
total depth, and consequently nearly the same deflection, but with 
different depths of metal in the girder. For this purpose beams 
^ere cast of the forms Nos. 5, 6 and 7, each 4 inches deep, 
^d with the upper and lower ribs li inch by J inch, the ribs 
being placed as shown in the figures, so that the depth of the 
Jnetal in No. 5 was twice as great as in Nos. 6 and 7. 

Fom* beams were cast of each form, — the exact dimensions and 
"^ing weights are given in the Appendix, — and the mean 
'^ts were as follow : — 



nsNilptlon of beam. 



Depth 
of beam. 



Depth 
of metaL 



Sectional 
area. 



Deflection. 



Breaking 
weight. 



Jonn No. 5 
Jom No. 6 
j *^m No. 7 



4 04 
4-04 
4 07 



301 
1-48 
1-56 



2-320 
2-230 
2-380 



•822 
•310 
•262 



5141 
6147 
6000 



Obtaining the value of F from these experiments, and compar- 
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ing them with beam No. 4, which had the same total depth, w€ 
have — 



1 


Deflection. 


I>eptli of metal. 


Value of F. 


Form No. 5 . . , 
Form No. 4 . . « 
Form No 7 . 
Form No. 6 ... 


•322 
•801 
•262 
•310 


3-01 

r97 

1-56 
143 


37408 
28032 
27908 
25271 



These experiments did not aflford so complete a comparison « 
the former series, because the intervals between the vertical ril 
were not equal, nor in the same proportion to the depth of meta 
the effect of which would be to vary to some extent the form < 
the curve of deflection. Nevertheless, they show in an equaLl 
decided manner, that when the deflection is the same the r< 
sistance increases when the depth of metal in the beam 
increased. 

The forogoing^ experiments have therefore elicited three fac^ 
as regards beams formed of two parallel bars separated at give 
intervals by vertical ribs : — 

Firsty that in every case the resistance, or the value of F, 
greater than that due to the tensile resistance of the metal 

Secondhjy that with the same depth of metal in the bear: 
and the same distance of bearing, the resistance is greater whe 
the deflection is greater. 

Thirdly, that with the same deflection and the same leng^ 
of bearing, the resistance is greater when the depth of metal i 
the beam is greater. 

And it follows from these results, that there is an element ^ 
strength depending on the amount of deflection in connection witr 
the depth of metal in the beam, or in other words, depender: 
upon the degree of flexure to which the metal forming the beat: 
is subjected. 

The cxist<jnce of an element of strength in addition to th 
resistances to direct tension and compression being clearly provec 
by these experiments, it becomes interesting to ascertain the lav 
under which it varies, in the form of beams experimented upon. 

Now if from the value of F, the tensile strength of the meta 
is deducted ; it will be found that the remainder maintain 
nearly a constant ratio in each case to the depth of the meta 
in the beam multiplied by its deflection. It would appear, there 



ELEMENTS OF STRENGTH TN BEAMS. 147 

fiice, that the total resistance, or the value of F, is composed of 
two quantities ; one being constant and limited by the resistance 
to direct tension, and the other varying directly as the degree of 
flexure to which the metal forming the beam is subjected. 

The applicability of this simple law may be tested by the results 
of the experiments, as follows : — 

Let 

f = the lenflUoee to flexure in the eolid beam at the time of mptare ; 

and let 

D » the depth, 
8 = the deflection,' 
/ = tensile resistance, 

and 

P = total resistance. 

Then in the solid beam 
/+ ♦ = F; 

•nd let F, ly and 5', represent the total resistance, depth of metal, 
and deflection of any other of the beams ; then, the lengths 
being equal, if the resistance arising from the lateral action 
Tiriea as the depth of metal into the deflection. 

The value of <f> may be determined from this equation, applied 
to each of the experiments, in two ways ; first, by supposing / to 
be a constant quantity; and secondly, by supposing/ and </> to 
We a constant ratio. 

By the first mode, the whole of the errors of observation and 
inq^olarities of the strength of the metal would be accumulated 
in f By the second method, these irregularities will be divided 
between the values of/ and <^. 

Adopting therefore the second method, let 1 to m represent the 

ntioof/to^: then 

/ - »» ^. 
and 






or 



^ = 



m + 



D8 

whidi OQgbt to be a constant quantity in all the experiments. 

We cannot obtain the deflections of the line of rupture, but 
tiwjr may be assumed to be proportional to the deflections with 
i^thfl of the breaking weights in each case. 



L 2 



148 



STRENGTH OF CAST IRON. 



Now the value of F in the solid beam was found 
41,709 lbs. ; and the value of /, from the experiments on 
tension, was 18,750 lbs. : and as in the solid beam 

/ + ^ - P, 

^ will be 22,959 lbs., 

and the ratio of <^ to / will be as 1 to 81. 

For the purpose of comparison, I have deduced the vali 
and 4>, in solid beams, from the experiments of Mr. Hodg 
on ten different descriptions of metal; the results of whi 
given in the following Table : — 





Transverse 

strenffth of bur 

1 indb square 

and M inchftfi 


Tensile 


Value of/ + 9 
fh>m 


Value « 

thef 

2a 


Description of iron. 


strength per 


the formula 


te=. — 




between 


square inch. 


• 2ad(f+T) 


3i 




the supports. 




31 


^ 2i 




lbs. 


Iba 


lbs. 




Carron Iron No. 2, oold blast 


476 


16,683 


38,556 


21 


Carron Iron No. 2, hot blast 


463 


13,606 


87,603 


23 


Carron Iron No. 3, cold blast 


446 


14,200 


36,126 


21 


Carron Iron No. 3, hot blast 


627 


17,756 


42,687 


24 


Devon Iron No. 3, hot blast 


637 


21,907 


43, 497 


21 


Bnffery Iron No. 1, cold blast 


4f)3 


17,466 


37,503 


2C 


Buffer J Iron No. 1, hot blast 


436 


13,434 


35,316 


21 


Coed-Talon Iron No. 2, cold ] 
blast . . 


413 


18,855 


33,453 


14 


Coed-Talon Iron No. 2, hot 1 
blast . 


416 


16,676 


33, 696 


17 


Low Moor Iron No. 3, cold 1 
blast . . . . J 


467 


14,535 


37,827 
37,616 


23 


Means . 


464 


16,502 


21 



The mean ratio of (f) to / in these metals appears to I 
to '78. The metal used in my experiments was a mixtui 
sisting of two-thirds of South Staffordshire No. 3, hot bla 
and one-third old metal recast. As compared with Mr. 
kinson*s experiments, its strength accorded nearly with that 
Carron iron No. 3, hot blast. 

The mean ratio of </> to /, obtained from Mr. Hodgkinsoi 
periments, being as 1 to 78, and from the experiments 
detailed being as 1 to '81, we may consider / to be four-fii 
<f> ; and therefore 

m = -8. 
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Using this ratio, the values of <^ and /, derived from the formula 

_ y 

aad 

as «ipplied to each of the experiments, are given below : — 

41700 
No. 1. f = ^^ — - = 23,171 lbs., / =. 18,537 tbs. 



No. 2. ^ = ^^^ = 22,904 ««., / = 18,823 fta. 



No. 8. t = ir^ = 22,890 lbs., / = 18,312 ««. 



No. 4. 4> = !^r— in.- = 22,606 lbs., / « 18,085 lbs. 



•8 + 


2012 X -670 


1-348 




35386 


•8 + 


1-97 X -510 


1-348 




81977 


•8 + 


2 01 X -401 < 


1-348 




28032 


•8 + 


1-97 X -301 


1-348 




37408 


•8 + 


301 X -322 


1-348 




25270 


•8 + 


1-48 X -310 


1-348 




27908 


•8 + 


1-56 X -262 



No. 5. f => —^ rrr- = 24,626 lbs., / = 19,501 lbs. 



No. 6. ^ = ^^ — — — = 22,167 lbs., /= 17,784 lbs. 



No. 7. 4^ = 1.56 X -262 = ^^'^^^ °^" ^ = ^^'^^^ ^• 

*®"** Tiis 

"J^ese results, though not exhibiting complete regularity, are 
'^^dently uniform to indicate that the assumed law of the 
!**^on of this resistance is a close approximation to the truth. 

>ill be observed also, that Nos. 2, 3, 4 and 6, give a smaller 
^^e of <f> than Nos. 1, 5 and 7, which probably arises from the 
^^erence in the proportion which the distance between the 
^^^cal ribs bears to the depth of the metal ; a circumstance 
^hich would affect, to some extent, the form of the curve of 
^^flection. 

In the formula 4> = 57^' '^ represents the ratio of the 

Qepth of metal in each beam multiplied by its deflection, to the 
depth of metal in the solid beam multiplied by its deflection. 
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But the deflections, aa might have been expected from known 
were nearly in the inverse ratio of the total depths of each gi 
therefore the degree of flexure, and consequently the resistai 
flexure in each, will be nearly as the depth of metal divided I 
total depth of the gii-der, and we are thus enabled to obt 
formula for computing, approximately, the breaking weigl 
these girders, without first ascertaining their deflection. 

Using the same letters as before, we have, for the resii 
due to tension, 

and for the resistance to flexure, 

8(\ d, } d ' 

and consequently, for the united effect of the two resistances, 

«-!T(-*-i)(/-^> 

I shall therefore conclude these observations by comparii 
breaking weights computed for tensile resistance alone, and 
obtained from the formula which includes the resistance to fl 
with the actual breaking weights and deflections obtained 1 
experiments, taking the value of / = 18,750 lbs., and 
23,000 lbs. 



■s 






1 


^^m 


14 . 


t. 


jit 


Depth, 


'1 




iji 


W 


J 

I: 




lu. 


sqiumilni. 


Uii 


ibi 


Bfl. 




Mo. 1 - 


2013 


2-025 


6T0 


649 


1890 


1 


So. 2 ... 


2 'SI 


1'9S 


G10 


1303 


2567 


2 


No. 3 ... 


3 '01 


2 '00 


401 


1808 


32S7 




Wo. 4 ... 


1-00 


1'9S 


30] 


2013 


465B 




Ho, G ... 


i-Oi 


2-322 


S2-1 


£578 


41)36 




Ho. 8 


101 


2-23 


310 


3819 


5S33 




No. 7 ... 


*-07 


2-38 


202 


4031 


£919 





The accordance exhibited by the computed and the ( 
breaking weights, evinces the general accuracy of the formi 
appUed to this form of beam ; while these results, compared 
those computed for direct tensile force alone, show how la 
proportion of the strength of cast iron, when subjected to 
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Terse stndn, is due to the resistance arising from the lateral 
iction. 

It will also be seen that comparisons of the relative strengths of 
different forms of section, calculated, as has been customary, on 
the assumption that the resistances are constant forces, or governed 
I7 a constant coefficient, must be entirely fallacious. 









on Direct Tention, 




• 


1} 




a5 








■ * • 


S 5 


Weight wi 
which the 
broke. 


TlCVAKKS. 




ias. 


%•. 


Ibfl. 






1. 


1-0506 


18,560 


18,840 


A siDftll ftir-babble. 




2. 


1-0557 


19,680 


ls^,960 


A smftU ftir- bubble. 




3. 


1-0100 


21,860 


21,500 


A iiiiaII air-bubble ftt corner, 


Tery small. 


4. 


10364 


16,320 


16,320 


Honey-combed. 




5. 


10301 


17,440 17,440 


Sound. 




0. 


10403 


16,320 17,440 


A small air-babble. 




7. 


10150 


21,640 


21,920 1 


Sound. 




a. 


1-0200 


22,200 22,470 ' 


S^iund. 


1 


1 


1-0323 


19,190 


19,456 



Hean greatest weight supported, per inch 
Mean weight which broke the bar, per inch 



18,590 lbs. 
18,876 lbs. 



Cmaidering the actual breaking weight to be between these two, 
ttd rather nearer the latter, when due allow^ance is made for the 
^znall air-bubbles, the mean breaking weight may be taken at 
13,750 lb& per square inch. 

The forms of beam employed in the experiments described 
lutherto were only of two kinds, namely, solid rectangular bars, 
and open beams or girdera 

The following are experiments made upon square bars broken 
)n their sides, square bars broken on their angles, round bars, 
Kams of the I section broken with the flauges horizontal, and 
amilar beams broken with the flanges vertical m ; the object of 
hese experiments being, to elucidate the general bearing of the 
ubject more clearly, and to determine with greater precision the 
awB which govem this resistance. 
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SmmwMty o/Bxperimtnti <m Tranavene Strength. Square tmd round hart of one i 

eectional area. 



Length of bearing 60 inehei. 



I 

Square ban broken on their aides. 

• 


Number and form of Motion. 


Depth. 


Breadth. 


Sectional 
area. 


Breaking- 
weight. 


No. 8 • • I^^H 

V 


in. 

1010 

1-010 

1-010 

1-020, 

1000 


in. 

1-020 

1-025 

1-020 

1025 

1020 


sq. in. 
1030 
1-035 
1030 
1-045 
1-020 


tia. 

505 

505 

561 

533 

533 


Mean .... 


1-010 


1-020 


1-082 


527 

1 


Cylindrical ban. 


Number and form of section. 


Mean 
diameter. 




1 

Sectional i Breaking 
area. weight 




in. 

1-145 

1113 

1-115 

1118 

1-120 




aq. in. 
1-030 
•972 
-976 
-981 
•985 


lbs. 

519 

505 

449 

449 

449 


Mean .... 


1122 




-989 474 

1 


Square ban broken on their angles. 


Number and form of section. 


Depth. 


Side of 
square. 


Sectional 
area. 


Breaking 
weight. 




in. 

1-442 

1-467 

1-450 

1-428 

1-428 


1-020 
1037 
1-026 
1-010 
1-010 


sq. in. 
1040 
1-076 
1-050 
1-020 
1 -020 


lbs. 

449 

421 

449 

449 

477 


Mean .... 


1-443 


1-020 


1041 


449 
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yo/ 



on Tranifferte Sirtngik. SqwMirt amd rmmd ban of aboui 
four inekes teetional area. 



Length of bearing 60 inehee. 



Square l>an broken on their aidea. 



ambnraiid f onn of aeetion. 



11. . 




Mean 



Depth. 



in. 

1-985 

1-990 

2*010 

2-000 



1-996 



BrMdth. 



in. 

2 020 
2-016 
2 010 
1*990 



2 009 



Sectknud 
area. 



■q. in. 
4 010 
4-010 
4-040 
3-980 



4*010 



Breaking 
weight. 



3303 
8303 
8443 
8868 



8478 



Cylindrical bars. 



'n&be and form of aection. 



12. . 




Mean 
diameter. 






in. 

2-52 

2*52 

2*52 

2*61 



Mean . 



2-52 



Breadth. 



Sectional 



eq. in. 
4*987 
4*987 
4-987 
4-948 



4-977 



Breaking 
wdght. 



Ibe. 
4288 
4288 
4003 
4003 



4148 



IS. 




2-20 
2*20 
2*19 
2*20 
2*19 



Mean 



2*20 



3-787 



3-801 


3068 


3-801 


2988 


8*767 


8388 


8-801 


8228 


3*767 


2988 



3132 



Sqnare bars broken on their angles. 



Rvtfbtt ad form of eection. 



Depth. 




in. 

2*835 

2-842 

2-842 

2-820 



2*835 



Bide of 
square. 



2 005 
2*010 
2*010 
1*994 



2*005 



Sectional 



aq. in. 
4-020 
4*040 
4*040 
3*976 



4*020 



Breaking 
weight. 



lbs. 
3128 
3268 
2848 
2708 



2988 
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Summarjf of ExperimenU on TranMverH Sirtngtk. Compound Seetiom, 

Length of bearing 48 inches. 




The neutral axis having been already shown to be in the centr 
of gravity of the section, we are enabled to test the accuracy of ti^ 
existing theory, by comparing the resistance at the outer fibres ^ 
particles of each of the forms of beam, calculated upon that theory 
with the actual tensile strength of the metal obtained by dire^ 
experiment. 

In any bar or beam, supported at the ends and loaded in th 
centre, — 



Let 



and 



/ represent the ultimate tension, * 
/ the length, 
W the weight applied in the centre, 
d the depth, 

;r any yariable distance from the neutral axis. 



* In those materials in which the resistance to compression is less than that of tension, 
/ must be taken to represent the ultimate resistance to compression. 
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lien ^ will be the tension at the distance x, and according to 

16 principle of Leibnitz, the sum of all these resistances at the 
ioment of rupture will be 

nd including the equal resistance to compression 

"liieh taken between the limits a; = and x^d, becomes 

In the case of rectangular bars, if the breadth = b, this expres- 

ion becomes 

ifb<P^ilW .... (1.) 

In girders or bars of other forms, if ^ = the double ordinate 
Dorresponding with the distance x, the general expression will be 

Bul when the form of section is symmetrical above and below the 
neutral axis. 

From this general expression we obtain the following for the 
several forms experimented upon : — 

In the square bar broken on its angle, if 

d = half the depth, 
y = 2 (d - »), 

the complete integral of this between the limits a? = and x = d 
irillbe 

•^-f- = i^W (2.) 

In like manner, in round bars, if 

d = half-depth or radioB, 
y = 2 V(<? — «*), 
w = 8-1416..., 

tflfin the complete integral is 

^^^ ^ livr . . . . (3.) 



4 

beam, the ex 
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as in the rectangular bar, except that here denoting the half-d 
by D, and the half-distance between the bars by d, the express 

must be taken between the limits a; = d and a; = D, which give 

26/ /D» - (i» 



( 



)-' 



nv 



(4.) 



In the case of the section No. 15, broken with the flanges 1 
zontal (see fig. 1), 

Fig.l. 
I, , , ^ D = depth. 

h = breadth of the centre rib. 

V » breadth of flanges ae + J 

^ d = half-distance of the flangea 

The expression of the centre rib is 

J/6D», 

and for the flanges 




H^^)- 



8 



and consequently the resistance to the whole si 
m will be 



u. 



(,D.+i^ffi^)=i»w . 



In like manner, for section No. 16, broken with the flai 
vertical (see fig. 2), 

d = half-depth of the flange a 
b B width of the two flange 

he + CO. 
d! =■ depth of the centre rib. 
h' = breadth of the centre ril 

tween the flanges. 

Then -*^-r — = resistance of the flanges, 

2/6' cf 
and ti J — = resistance of centre rib ; 

o d 

h and consequently the total resistance will be 

h'd^ 




2/ 
3 






With these formulae we are enabled to calculate the resists 
of the outer fibre under this generally accepted theory, in eac 
the sections. 
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The following Table shows the results : — 

Tonn of Mctian. Length Breaking Value of/, or the 

of bearing. weight calculated reeiatance 
in. ItMi. at the outer fibre. 

No. «. ♦ Open prfcr .... 60 6147 25,271 

No. 7. Open gilder 60 6000 27,908 

No. '4. Open girder .... 60 4339 28,032 

No. 3. Open girder 60 8119 81,977 

No. 2. Open girder .... 60 2468 85,386 

No. 6. Open girder 60 5141 87,408 

No. 1. SoHd rectangular 2 X 1 inches . 60 1888 41,709 

No. 8. Square 1 x lineh . . , 60 527 45,630 

No. 9. Bound bar 1 inch area . 60 474 51,396 

No. 10. Square bar broken diagonally . 60 449 53,966 

Compound Sections. 

No. 15. I Section, flanges horizontal . 48 4008 37,508 

No. l(s. 1^ Seetion, flanges Tertical . . 48 2569 43,858 

Solid ban of 4 inches sectional area and uptcards. 

No. 11. Square bar broken on its side . 60 8478 89,094 

No. 12. Bound bar 24 inches dUmeter . 60 4143 89,560 

No. 13. Bound bar 2| inches diameter . 60 8132 44,957 

No. 14. Square bar broken on its angle . 60 2988 47,746 

1^ will be seen from these results, that the apparent resistance 
^ the outer fibre, computed on the principles of this theory, varies 
^Da 25,271 lbs. to 53,966 lbs. ; while the tensile strength of the 
iDetal, as obtained by experiments on direct tension, averages only 
*W50 fee. This discrepancy and variation will be foimd to arise 
^Qi the omission of the resistance consequent on the molecular 
"^urbance accompanying curvature. . 

*^ my former paper a formula was given by which the difference 
^tween the tensile strength and the apparent resistance at the 
^te fibre could be computed, approximately, in solid rectangular 
"®^ and open girders. I now propose to trace the operation of 
^^ resistance of flexure, considered as a separate element of 
"^gth, and to show its effect in each of the above forms of 
•^ion. 

ike theory at present acted upon, proceeds on the assumption 
^ there are only two resistances in a beam, namely, tension and 
^pression ; but this supposition fails to account, not only for the 
'^'^ligth, but also for the visible changes of figure which arise 
^er transverse strain. 

^ahdc (fig. 3) represent the centre portion of a solid rectan- 
Pw beam before any strain is applied, kghiis the figure which 

For diagrams from No. 1 to 7 inclusiye, see Plate VII. ; for remaioing numbers, see 
'V"n is pKceding Tables. 
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this portion will assume when subjected to transverse strair 
beam being supposed to be supported at the centre/, and lo 
at its extremities. 

Kg. 8. 




In this change of figure it will be observed that there are 
effects : — 

First, an extension of the fibres or particles, commencing J 
neutral axis Invi, and increasing to the upper portion o 
beam. 

Secondly, a compression of the fibres or particles fron 
neutral axis to the lower portions of the beam ; and 

Thirdly, the planes or surfaces ale and bmd are forced ( 
wards to the distance ep, no and/g. 

There are, in fact, two distinct changes of figure : — 





* * 



/^ 




T 



There is the change produced by the tension and comprc 
which, if acting alone, would result in the figure efhg ; and 
is the change produced by cur\'^ature, which, if acting alone, 
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rait in the figure I p norm. The effect produced by the curva- 
re is, to cause the sides or planes b d and a c to descend parallel 
themselves ; the effect produced by the tension and compression 
to cause these planes to turn about the neutral axis. The com- 
lation of these effects is necessary to produce the figure which a 
%m assumes when placed under transverse strain; and the 
anges of figure point out distinctly the nature of the resistances. 
»r as it was shown by the measurements taken in the experi- 
3nts on the neutral axis, that the lines or planes corresponding 

a c and b d remained straight, whatever was the amount of 
eir angular motion, it follows that the tensions and compressions 
ill increase in an arithmetical ratio from the neutral axis to the 
Iter portions of the beam. But the effect of flexure causes the 
lanes corresponding to a c and bd to descend an equal extent 
broughout their surfaces ; the resistance to this change of figure 
'ill therefore be a force distributed evenly over the whole surfaca 

liabcd were a series of horizontal laminae, these two changes 
>f figure might be obtained separately; efhg hemg the result of 
he strains applied in the direction of the length, and Inora that 
'a strain applied at right angles to the length. 

Bat if the laminse are all united together, the elastic reaction of 
4e mass causes certain fixed relations to be established between 
«ie curvature and the angles formed by the planes which were at 
nght angles to the length, prior to the strain being applied. 

Of these relations, it is suflScient for the present purpose to 
P^t out that which subsists between the degree of extension and 
^^pression, and the amount of curvature. 

^ferring again to fig. 3, if 6 represents any point in the upper 
•^^^fece of a solid beam, before strain is applied, and g the same 
P^t when loaded, br* will vary directly osrg. But rg repre- 
^^ the difference between the extension of the fibre, at or 
^^^^^ the neutral axis, and that at the outer portion of the 
^ ; therefore the resistance to flexure will vary directly as this 
difference. 

*^ the case of the open beam, the resistance to flexure being 
% due to that of the bar deflected, whereas the ultimate deflec- 
^ of the beam is equal to that of a solid beam of the same total 
*®ptti, the resistance of flexure in the open beam will be to that of 
^ tolid beam, at the moment of rapture, as the depth of the bar 
the half-depth of the beam ; and this is also proportional to the 

ff vbieh if not represeiited in the figure, ii tbe intereection of the lines bm, p g. 
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difference between the extension of the fibres nearest the neutr^=: 
axis, and those at the outer portion of the beam. 

The foregoing consideration of the subject, therefore, poL 
out the following properties as belonging to the resistance 
flexure : — 

1st That it is a resistance acting in addition to the 
extension and compression. 

2nd. That it is evenly distributed over the surface, and coarse 
quently (within the limits of its operation) its points of action ^vtL 
be at the centres of gravity of the half-section. 

3rd. That this uniform resistance is due to the lateral cohesion 
of the adjacent surfaces of the fibres or particles, and to the elastic 
reaction which thus ensues between the portions of a beazn 
unequally strained. 

4th. That it is proportional to, and varies with, the inequalftj' 
of strain between the fibres or particles nearest the neutral axis 
and those most remote. 

We are enabled, under the above-mentioned conditions, to 
arrive at the relation between the straining and resisting forces in 
any of the forms of section experimented upon, as resulting from 
the combined effect of the resistances of tension, compression, and 
flexure. 

Using the same letters as before to represent the tension-, 
weight, length, depth, &c., let <f> = the resistance of flexure acting 
as a force evenly spread over the surface of the section. 

f X 

Then, instead of the expression -r, as representing the 

sistance at the distance x, we shall have, according to the pr 
ceding view, the expression 

-d + ^' 
and these forces acting as before, the moment will be 

The sum of these moments, including those above and below t 
neutral axis, m]l be 

which, taken between the limits x = and x = d, becomes 

2(i/+ 4^)rf= = i«w. 
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Taking y = the double ordinate corresponding to the distance x, 
the general expression^ when the sections are symmetrical above 
tnd below the neutral axis, will be 

From this geneitil expression the following are obtained for the 
•everal forms experimented upon : — 
Fust, in the case of the square or rectangular bar, 

2(i/+ 4^)6*' = HW . . . (7.) 

F(Hr the square when broken angleways, 

«/+ l^)ci»= ifW . . . (8.) 
For the round bars, 

(¥ * T^)'P-i'W . . (9.) 

For the open bar, since the resistance to flexure depends on the 
ineqaality of extension between the part nearest and that most 
VKoote from the neutral axis, if c2' = the depth of the bar, and D 
the half-depth of the beam, the resistance to flexure at the 
moment of rupture will be <^ ^ or multiplied by d' 6, 

mmI this resistance acting at the distance D — -j, we have, for the 
whole resistance, 

In the case of section No. 15, broken with the flanges hori- 
ontal, the expression for the centre part will be 

id for the flanges, 

id consequently for the whole section, 

i/M«)»D»-.26{<5if^+^(D-:^)*j = i,W. (.1.) 

id lastly, for section No. 16 (fig. 2), broken with the flanges 
rtical, the expression for the flanges will be 

2(i/ ♦ 4^)6<i«; 
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and for the centre part, 



2(i/+ ki>) 



V d!^ 



and therefore, for the whole section, 



2(4/+ 4<^)(6^ + ^) = J^W 



(12.) 



These formulae, applied to the several forms of beams 
mented upon, give the following equations : — 



No. 


1. 


•67062/ + 


No. 


2. 


1-0425 / + 


No. 


3. 


1-4473 / + 


No. 


4. 


2-3297 / + 


No. 


6. 


2-0625 / + 


No. 


6. 


3-0564 / + 


No. 


7. 


8-2227 / + 


No. 


8. 


•1784 / + 



1 -0059 4> 
1-1813^ 
1 -3388 ^ 
1-4698^ 
2-2043 ^ 
1-3512 <f> 
1 '5059 4> 
-2601 ^ 



28320 
87020 
46260 
65295 
77115 
77205 
90000 
7905 



No. 9. 
No. 10. 
No. 11. 
No. 12. 
No. 13. 
No. 14. 
No. 15. 
No. 16. 



•13867/ 
•12519/ 



1 -3336 
1-5708 
10454 

•9484 
1-281 

•711 



/ 
/ 
/ 
/ 
/ 
/ 



+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 



•23541 ^ 
•25039 ^ 



2-0009 

2-6666 

1-7746 

1 -8968 

1126 

1-066 



^ 
P 
♦ 
^ 
♦ 
^ 



If the metal were of precisely uniform strength, / and <j 
be precisely constant quantities, and their value might be o 
from any two of these equations ; but as considerable v; 
occurs in the strength, even in castings of the same dim 
and as a reduction of strength, per unit of section, is ki 
arise when the thickness of the metal is increased, the val 
and <!> will necessarily vary, and can only be ascertained 
experiment by first establishing the ratio they bear to each 

For this purpose the first ten experiments may be use 
which were made of metal of from three-quarters to one 
thickness, the mean tensile strength of which was ascertai 
direct experiment to be 18750 lbs. per inch. 

Using this value of/ in each case, we have 



No. 1. <^ = 

No. 2. fp ^ 

No. 3. (p =t 

No. 4. c^ - 

No. 5. ^ = 

No. 6. <p = 

No. 7. (p - 



28320 - -67062 x 18750 





1-0059 






37020 


- 1-0425 


X 


18750 




11813 






46260 


— 1-4473 


X 


18750 




1^8388 






65295 


— 2-3297 
1-4698 


X 


18750 


77115 


- 2-0625 


X 


18750 




2-2043 




77206 


- 3^0564 


X 


18750 




1-8512 






90000 


- 8-2227 


X 


18760 



1-5059 



= 16654 
= 14748 
= 14284 
= 14667 
= 17442 
= 14725 
= 10640 
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103 



No. D. f ^ 



No.10. ^- 



■2801 
7110 - laBe? : 

■23541 
8735- 12519 : 



= 19I5S 



= 17623. 



■25039 
Mnn nluB of ^ = 1C573. 
B&tio oT/to ^ u 1 to -847. 

- -.. >»e the following expcriraeaU of Mr. Hodgkinson'a on the 
Inaking weight of inch bars, of which the tensile strength was 
Mcertained by direct experiment, the following rcttults are 
obtained: — 



ir« 



1 J^l 

T 1 P^ 


fill 


1 


Etuioor/ior 


bmnIn».N(>.S.coldblut. 

Ckfib Inn, Ko. 2, hat bUst . . 

Cttniolrai,ITa. 3, eoldbliut. 

Cbtdd Inn, Ho. 3. hot blut . . 

DnoD Inn, No. 3, hot blut . 

Ur; Inn, Nol 1, eoid blut . . . 

BttRjInn, No. 1, hdtbbut. 

fad-TilooIroo, Ho.2,«.UibIi.l . . 

Orf-Wwi In», Ho. 3. hot Uut . . 

1» Hoot Irai, Ho. S, cold bW . . 


Sill. 
478 
4fl3 
416 
527 
S:17 
463 
436 
413 
41S 
467 


lfl,tlS3 

ia,5(ts 

H.2O0 
tt,16S 

2I.S07 

ir.ttis 

13.434 
W.B56 

]0,C76 
14,535 


14.582 

16,UHB 

U,il7 

14,621 
14,393 
18,358 
14.588 
B.78a 
11.347 
15,5^8 


1 to -871 ; 

I to 1-1 «a 

I to 1 -ii-JU 
1 to -xii 
1 to -rifi? 
1 to 'TiiS 

I to 1 -im 

1 to ■.llfi j 

1 to -nsa 

1 to 1 '000 


Meu 


464 . 10,50-2 


14,076 


1 to -8S3 



These reeults indicate that the ratio between the resistaQCc of 
tCQeion and the resistance of flexure varies in different qualities of 
metal, and this supposition appears confirmed by other experi- 
ments on rectangular bars, given in the " Report of the Commia- 
noners on the Application of Iron to Railway Structures." The 
mean result, however, accords neaily with that of my own experi- 
ments, aad shows that the resiatanco of flexure, computed as a 
force evenly distributed over the section, ia almost niDc-tenth.s of 
the tensile resistance. 

Employing this ratio of the values of/ and ip, and applying it 
to the equations resulting irom the experiments on the tensile 

* The aga f ii hen lued u the measnre of the miituice oonaidered tu arting eveiilj 
orer the nrftee ; benee the T»lae of f , w hen employed, will be twothirda nf Ihd 
diflereBce betveen the tensile Toiituiae kod the appareiit mietancc >t the onter fibre in 
the ttetangvUr bar. 



164 STRENGTH OF CAST IRON. 

strength of the metal, as derived from each form of section, th 
deduced values of/ will be as follows : — 

Form of Girder. 

No. 1. Solid rectangle /= 17,971 

No. 2. Open girder /= 17,582 

No. 8. Open girder /= 17,442 

No. 4. Open girder /= 17,882 

No. 6. Open girder /= 19,058 

No. 6. Open girder /= 18,070 

No. 7. Open girder /= 19,659 

No. 8. Square bar, 1 inch section, broken on its side . • / = 19,399 

No. 9. Round bar, 1 inch section •/= 20,236 

No. 10. Square bar, 1 inch section, broken on its angle . . /= 19,213 

No. 11. Square bar, 4 inches section, broken on its side . • / = 16,644 

No. 12. Round bar, 24 inches diameter / = 15,902 

No. 13. Round bar, 2| inches diameter . . • / = 17,778 

No. 14. Square bar, 4 inches sectional area, broken on its angle / = 16,878 

No. 15. Compound section, flanges horizontal . ./= 20,942 

No. 16. Compound section, flanges vertioal . . / = 18,460 

The results thus obtained, though not perfectly regular, m 
within the limits of the variation exhibited by the metal. 
If the results be classified, — 

The mean tensile strength, as obtained from the open girders, Experi- ) ^ j^non 

ments Nos. 2, 8, 4, 5, 6, and 7, is j ^^^^^ 

From the solid bar. No. 1 17971 

From the inch bars, square, round, and square bars broken diagonally, ) iQ/iii| 

Nos. 8, 9, and 10 } ^^^^^ 

From the bars of 4 inches sectional area, square, round, and square) ix^oaa 
bars broken diagonally, Nos. 11, 12, 13, and 14 . • • ) 

From the compound sections, in which the metal was half an inch thick . 19701 

The variation in strength, as exhibited between the small ^3 
the large bars, is in accordance with the experiments made 
Lieut.-Colonel James, and recorded in the " Report of the C<: 
missioners upon the Application of Iron to Railway Structures.* * 
The results obtained in all these varieties of form of sect 
being so far satisfactory, it appeared desirable to test the appH 
tion of the formulae to other known experiments, of which ^ 
following may be given as examples : — 

First, an experiment made by Mr. Hodgkinson, ^ 
WSBwda given in Tredgold's " Treatise on Cast Iron," 4th ed 
H The form of the beam is as shown in the figure. -^ 

H this case, — 

H» D = 2-5625. 

B^« 6 = -29. 

B b' = 1*47, mean. 

■ d ^ 2 1573. 

B&Hj^ d' = 1*405, mean. 

^!^^ / = 54. 

W = 6678 
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And employing the formula used for the section No. 16, we have 

2-8631/ + 2-8476 p = 90153 ; 

and if <^ be taken at nine-tenths of/, 

/ = 15086. 

The tensile strength thus computed, accords very closely with 
the quality of metal employed by Mr. Hodgkinson in that and 
other experiments made by him at that time on various forms of 
girders. 

In the Reports on the " Strength and other Properties of Metals 
^or Cannon," made by the OflScers of the Ordnance Department of 
the United States Government, some experiments are given upon 
^he transverse strength of square and round bars of cast iron. 
^*^ese experiments were made with very great care by Major 
W'ade, for the purpose of testing various qualities of metals and 
'^odes of treatment, by frequent recasting, and by keeping the 
^^^tal for various periods of time under fusion. From each experi- 
^^^nt, a constant is derived for the purpose of comparing the 
^^lative strengths of metal ; and in endeavouring to obtain the 
^^nstant for round iron, Major Wade has employed the usually 
^<5cepted theory of the transverse strain. He appears, however, to 
*^^ve found that the formula is defective, for he observes at p. 21 of 
^*^e Report, — " A trial was made with cylindrical bars in lieu of 
®^^iare bars. These generally broke at a point distant from that 
Pressed, and the results were so anomalous that the use of them 
^*^« soon abandoned. The formula by which the strength of the 
'^Und bars is computed, appears to be not quite correct ; for the 
^^it of strength in the round bars is uniformly much higher than 
^^ the square bars cast from the same kind of u-on." 

The following are the experiments on the round bars, with those 

^^ the square bars from the same metal ; and it will be seen, that 

tf the tensile strength of the metal be computed by the formula 

i nere given, including the resistance to flexure, the discrepancy 

\ pointed out by Major Wade disappears ; and the tensile resistance, 

\ whether obtained for the round or the square bars, agrees very 

a nearly with that derived from the experiments on direct tension 

I ^der like circumstances. 
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SqiaitUi^ Length of bearing SO inch 
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,WI,«Ut- 


































(umi™. 






welgliL 


mulm iDcludhi. 
Qaxun. 








Id 


In 




9m. 


Fnokliii Iron : 


9 




2-025 


2-068 


12.712 


1^,1120 


Second funoD . . 


11 


S 


2-000 
I 'By* 


2-054 
2-008 


12,712 
13.950 


22,1*9 






! 


1-9B9 


2-013 


11.700 




Third tu«on . 


BO 


2 
3 


1-075 


l-OUS 
2'OOS 


14.5B9 
13.387 


21.440 




21 


U 




1-880 


12,aST 


S0,8S3 




32 





3 020 


1-B80 


13,866 






S3 




S'O30 


I'SDO 


15,363 


21,308 


Tliiidfailoa . 


21 




2 '030 


1-990 


14,616 


23.211 








2050 








2S 




2-OSO 


2 070 


14,850 


21,583 




37 




2-026 


2-oeo 


16,068 


23,852 


I, 






2 '036 


2 -020 




25.708 






t 


l'B78 


a -003 


12,004 




TlurJfiaioQ . .] 




U 


1-030 


2-003 


16.300 


25,226 






1-077 


2 -028 


15,8S2 


24,904 




»= 


31 


2 010 


2-008 


IK, 172 


25,473 



Bound Un. Lei.gUiofb««rii>g2atDcl>». 












T™il«cail«iin<»«io»- 


DMCrlpUoQ of tron. 


mout. 


(uduo. 


Dlmnutu 


■sss™ 


pulcd fmui the tanaal* 








In 


Di*. 




Franklin Irgn : I 


37 


1 


1-B76 


7,920 


20.711 


Seoood fuaioQ . . j 




2 
3 


1-9S0 
l-tl63 


u.2;u 

9,481 


25.183 
25,644 






4 


1 976 


7,i'20 


20,711 




Kl 




3-415 


10,425 


23.493 




82 


1 


2-420 


1H,H1 


25.783 


Third fusinn . .t 


8J 


2 


2-4-JO 


:;o,4i9 


28,093 




81 


2 


2-4-JO 


I9,i'y7 


"8,425 




85 


2 


2-420 














10.417 


27:o->7 


Third fuuon . . ] 


34 
35 


3 




11,112 


22,S33 

27,984 


' 


38 


3J 


1-S60 


10,000 


20,378 
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le tensile strength of the same metal, as ascertained by direct 
riment, is thus stated at p. 44 of the Report : — 





Fraoklin Iron. 




6-pounder gun, 
4rd fuckMi. 


Gun No. 61, 
tnd and 8rd fujiion«. 


Mean. 


lit 

2iid 
3id 
4tli 
7th 


1«. 

25,969 
29,148 
27,755 
80,039 

■ • • 


15,861 
20,420 
24,383 
25,773 
29,690 


20,915 
24,781 
26,569 
27,906 



though not bearing directly on this subject, I cannot refrain 
calling attention to the extraordinary development of 
gth in cast iron, obtained in the experiments made by the 
ed States Government. It will be scon, on refemng to the 
rts from which the above Tables are taken, that by freijuent 
ting and keeping the metal under fusion during periods of 
three to four hours, an increase of 60 per cent, is obtained ; 
that the strength of the American iron so treated is more 
double that of English under the usual mode of manu- 
re. 

e general accordance presented between the value of the 
e resistance, obtained by direct experiment, and that com- 
I by means of the foregoing formulae in so many varieties 
rm of section, is such as to confirm the view here taken 
le laws which govern the action of the resistance of 
•e. 

lemains only to refer to two points connected with it, first, as 
i ratio it bears to the tensile resistance. If the metal were 
^eneous and the elasticity perfect, it is probable that the 
mce of flexure would bo precisely equal to the tensile re- 
ce, instead of bearing the ratio of nine-tenths, as found by 
iment. It is evident, however, that it varies in different 
ies of metal, and that the tensile resistance does not bear a 
mt ratio to the transverse strength. 

5 following Table, taken from Major Wade s valuable Reports, 
, that with the same metal and different modes of casting, an 
se of transverse strength is obtained, while a decrease takes 
in the tensile resistance. 
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Guns. 


Tansverse strength. 


Tensile strengtli. 


Spedfic 


gtaTitf. 1 


Bar cut 
Aromgun. 


Bar cast 
separate. 


Bar cut 
from gun. 


Bar cast 
separate. 


Bar cut 
from gun. 


separate 


6-poander gan, No. 6... 
6-poaDderguii, No. 8... 
8-incbgaii, No. 64 


8415 
9233 
8575 


9,880 

9,977 

10,176 


30,234 
81,087 
26,367 


29,143 
80,039 
24,583 


7196 
7-278 
7-276 


7-263 
7-248 
7-831 


Mean 
Proportional 


8741 
1000 


10,011 
1145 


29,229 
1-000 


27,922 
•955 


7-250 
1-000 


7-231 
1004 



From the above, it appears that with a decrease of about oil 
twentieth in the tensile strength, there is an increase of neai — 
three-twentieths in the transverse strength. 

It is easy to conceive also, that though the resistance of flexua^ 
might be supposed to maintain nearly the same proportion to t- 
tensile resistance in bodies similarly constituted, as for exam 
crystalline substances, yet great variation may be expected 
occur between crystalline and malleable and fibrous substances. 

The only other point to be referred to is, as to the limits <^i 
action of the resistance of flexure. It appears evident that in skJl 
the simple solid sections, the points of action of the resistance <^{ 
flexure are the centres of gravity of the half-section ; while in tloM.^ 
compound sections it is necessary to compute the centre rib bx^^ 
flanges as for two separate beams in which the resistance o^ 
flexure is different, and has its point of action at the centre of 
gravity of the separate portions. 

It would appear that the elastic reaction developes this ^"^"^ 
sistance to the full extent, when the section is such that a strain ^* 
line may be drawn from every point at the outer portion to ev^ry 
point at the neutral axis within the section ; but that if the fo^«^ 
of section is such that straight lines drawn from the outer &\>'^^^> 
or particles, to the neutral axis fall without the section (as in "^^^e 
case in the compound sections, Nos. 15 and 16), then it must ^ 
treated as two separate beams, each having that amount of 
sistance of flexure due to the depth of the metal contained in it- 



Resistance of Flexure in Wrought Iron. 

Although from the fact, that in a cast-iron beam (the sediC^^ 
being a solid rectangle) the neutral axis was found to be at tP^^ 
centre of gravity of the section, it might have been infen-ed the^^ 
the same would be found in wrought iron ; yet it was considere-^ 
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nble to ascertain it by actual measurement. For this purpose 
beams were taken, one of rolled iron, 7 feet 6 inchea long, 
shea in depth, and 1^ inch in breadth ; the other of hammered 
8 feet long, 71 inches in depth, and Ij inch in breadth, 
s were drilled at about 6 inches on each side of the centre, or 
t of application of the strain, for the insertion of the pins of 
measuring iostrument. The holes were six in number, and 
id at equal distances from the upper to the lower side of the 
1 ; and the experiments were conducted in the same manner 
oae made with the cast-iron beam before described. 

ExpfrimtM for DOtmituUim of Neutrai Axit. 

Wrought Iron ^tmm (rolled iron). 
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Bune beam with the bearing distance increased to 84 inches. 
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SxptTiMint /or D&eraiiiialio* a/ XeulriJ Axi*. 
Wionght Iron Beam (lummsi«d iroo). 

DepUi Z'SSineho. 
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Althougli the extennions and compressions are only about balf 
that of cast iron, and consequently the liability to error in ll» 
mcosurementa is increased in proportion, yet the experimeiiU 
point out that the position of the neutral axis in wrought iion, 
like that of cast, is at the centre of graWty of the section, and tbat 
the action is the same in botli materials, excepting as to the 
amount of the extensions and compressions with a given strain. 

The formula 2 i^/+'f>i) hd'=-^-, given for cast iron, will 
therefore apply to wTOught iron also. 

Tho relative values of / and ip are not so readily ascertained in 
wrought iron, because the material yields by bending and not by 
fractuie. And another point requires consideration, namely, thnt 
the ultimate compressive strain which wrought iron is capable of 
sustaining is little more than half its ultimate tensile strength. 
But although there exists this disproportion as regards the ulti- 
mate resistances by tension and compression, the force required to 
overcome the elasticity of the material is nearly the same, whether 
applied as a compressive or a tensile strain ; the difference being, 
tliat the force which overcomes the elasticity when applied as a 
compressive strain, leads to the destruction or distortion of the 

* FreTiDiiB ki tlieas meunrementi being taken, a weight of 1 1,0113 Its. was applieil oo 
the eud, eqn&l lu 2lJ,18(i tha, oa (he centre of the beam, but wu reduced (o 23,706 Ibe. 
ia the centre. The eUaUcit}' of the beam had, howeTer. been 01 
perinuieut set and I7 aubsequeut eiperiinenta on the same luaiu 
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ti&terial ; while in the case of the tensile strain, the elasticity may 
« overcome long before the material yields by absolute rupture. 



Appendix to the foregoinff pages. By Peter Barlow, Esq., 
r.RS. Application of the preceding pHncipUa to Beams cmd 
Girders of non-sym/metrical section. 

In beams of symmetrical section the neutral axis corresponds 
vith the centre of gravity, because in that case all the direct 
brces above and below that point are necessarily equal. But 
whea the section is non-symmetrical, it is requisite, in order to 
leteraiine the position of the neutral axis, to find that point in the 
section in which this condition has place, viz., that point below 
^liich the sum of all the direct resistances to tension and cur> 
''^ture are equal to all those above that point due to compression 
^nd curvature ; then to find the sum of the moments of these 
esistances separately ; and finally, to equal them with the 
t^nining force. 

The double-flanged girder with unequal flanges forms a good 
t:xl>ject for testing the general application of the principles 
.^veloped in the preceding pagea In such a girder, let 

a denote the whole depth of the girder ; 
m the thiokneiB of the middle web; 
d the depth of the bottom i3ange ; 
df the depth of the upper flange ; 
6 the breadth of the former, minui m ; 
h the breadth of the latter, minus m ; 

X the required distance of the neutral axis from the bottom of the girder ; 
a^ the distance of the same from the upper face of the girder ; 
t the tensile resistance of the lower fibres ; 
c the corresponding reslBtance to compression of the upper fibres. 

^^Jw if we consider the centre rib as earned through the two 

**^es, the sum of the direct resistances due to the tension of the 

^*^«tal in the middle rib below x will be hraxt, and the sum of 

^**^08e due to curvature or change of figure, mxij}; or calling ^ = ^, 

^*^e whole direct resistance of this central web below x will be 

'i'^ztb. Again, since the direct tensile resistance of the unsup- 

^^^rted flange varies as the distance from the neutral axis, if we 

insider x as representing a constant quantity, and y any variable 

^5«tance from the neutral axis, btj^~- (taken between y = x and 

>=«—€?) becomes T^+^^y bt, the sum of all the direct tensile 

'^Qstances ; the resistance to change of figure being expressed 
iunply by d 6 ^. 
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The total direct resistance below the neutral axis is therefore 

In like manner, the total direct resistance to compression above 
the neutral axis is 

which must be made equal to the former expression. 

But we must here observe, that the compression of the upper 
fibre c, is to the corresponding tension of the lower fibre f, as « to 
x; substituting accordingly, rejecting the common factor t, 
observing that ocf = a —a?, we find 



Having thus determined the position of the neutral axis, we 
have now to take the moments of these several direct forces botb 
above and below that line, the formulae for which are howevet 
already given in the preceding pages ; that for the lower part & 
the central web being •^Tn'D^t (D now representing x, the distance 
above found), and that for the unsupported flange being the sanM 
as in the open beam, viz., 

D^ — D^cP^ d ^^ . ^ .. 

This latter is, however, reducible to a more convenient form fo 
numerical calculation, viz., to 

We have therefore 

jmDn+ (^D- -^^dbt = R, 

the resistance below the neutral axis, and 

the resistance above the neutral axis. 

But c:t::J)' :J). We have, therefore, for the whole resistan( 
above and below the neutral axis, 

If now we represent by w the breaking weight in any expei 



TBANSVEBSE BTRENQTH OF CAST IRON. 



173 



beam of given dimensions, and by I the length, or rather 
ce between the props, there is obtained the expression 



(r+ ^B.'y = iiw, 



>n from which, when w and I are given, t may be deter- 
>r if ^ be previously experimentally determined, w may 

r to submit these equations to the test of experience, we 
3ted from the valuable and extensive series of experi- 

Eaton Hodgkinson, Esq., published in vol. v. of the 

of the Literary and Philosophical Society of Manchester," 

3ries, a few experiments in which the girders differ most 

other in section, dimensions, and bearing distance ; and 

} we obtain from the foregoing formulae are given in the 

pages, with the form of section and linear dimensions. 

seen that the value of ty or the direct tensile strength of 
thus obtained, falls generally between the limits of ^ = 
df=; 16,000. 

triments on the Transverse Strength of Cast Iron of 
arious Sections, By Eaton Hodgkinson, Esq. 



EXPERIMENT 1. 



?ith equal rib top and bottom. Distance between 
>rt8, 4 feet 6 inches ; depth of beam, 5^ inches. 

Area of top rib = 175 x -42 = -735111. 
Do. bottom rib = 1-77 x 89 = '690 
Tbickness of Tertical part 1 _ .^g 



^ 



between the ribs . J 

Area of cross section . . 
Weight of casting 
Breaking weight 
Compnted Talue of < = 14578. 



= 2-82 

36i lbs. 
6678 lbs. 



d 





h 



>nn of fracture is represented by the line tbnr, where 
ich and b n 2*5 inches, the figure being a side view of the 
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BXPBRnCBRT 2. 



[- I Beam with sectional areas of top and bottom rib as 1 



L 



b 



DiBtanoe between the rapports 4 feet 6 inebee, 

depth of beam 5| ioehes. 
Area of top rib 1*74 x -26 » -45 in. 
Do. of bottom rib 1 *78 x '55 «= *98 
ThieknesB of Tertioal part = *30 
Area of orosa aeetion . ~ 2*87 

Weight of caating . . . 39 lbs. 
Breaking weight . 7368 Iba. 

Computed Talae of < » 14128. 
Form of fraetnro nearly as in Bzperiment 1. 

BXPBBIMBNT 3. 



r J Beam with top and bottom rib as 1 : 4. 



yf 



b 



Distance between the rapports 4 feet 6 inches, 

depth of beam 5| inches. 
Area of top rib 1 07 x *30 - *32 in. 
Do. of botton rib 21 x "57 = 1*2 
ThidmesB of the Tertioal part = *32 
Area of cross section . =3*02 
Weight of casting . . 40 lbs. 
Breaking weight . 8270 lbs. 

Computed yalae of t = 14005. 
Fracture as in Bxperiment 1 ; ( r = *6. 



BXPBBIMBNT 4. 

Beam cast in common form; Messrs. Fairbaim and Lillie' 
model. 

Distance between sapports and depth of beam as before. 
Thickness at A « 32 
B = -44 
C = -45 
F E = 2-27 
D E = -52 
Area of section = 3*2 in. 
Weight of casting = 40^ lbs. 
Deflection with 5758 lbs. '25 in. 

7138 -37 

Breaking weight = 8720 lbs. 
Computed ralae of t = 13868. 

The beam twisted a little before breaking : this, however, was 
not usually the case in the other beams of the same model. 

Form of fracture as in figure ; tr = '7o 
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the preceding experiments were made on beams cast on their 
t)m iron of which the following is a description : 

1 of Wain*, No. 2, 1,^/, 

I of Blmina, No. 8, / ^^^^ 

I of W. I. 8., No. 3, Sliropidiire. 

3 mixture is a strong iron, and therefore well suited for 



BXPERIMENT 7.* 

is was on a beam from the same model as that in Experiment 
was cast erect, but upside down, as usual, and therefore 
Bot to be compared with the preceding ones. 

Difltasoe between snpporta ai before. 
ThiekoeM at A = '30 
B - -87 
C = -425 
P E = 2-28 
I) B = -58 
Am of the aboTo aectioii = 2*28 inohet. 
Weight of beam = 38 Iba. 
Deflection irith 6679 Iba. -87 inch. 
9495 '50 

9297 -62 

Breakiiig weight = 9508 Iba. 

rted in a lerpenUne manner before it broke. The form of fracture waa nearly aa 
iment 4; bat here tr = I'O, and b n = 2*5. 

uirk — In the future experiments, all the beams, except 
otherwise stated, were cast erect, but upside down, as there 
3ce88ion of strength from that cause. Those in Experiments 
1, 12, and 21, were elliptical, and were indeed from the 
of the first three experiments, its top and bottom ribs being 
changed. 

EXPERIMENT 8. 

Q from the same model as that of Experiment 3, the top 
he casting being to the bottom as 1 to 3^ nearly. 

IKaUnee between aopporta as before. 

Area of top rib » 105 x '32 = 0*84 in. 

Do. of bottom rib = 215 x '56 = 1*20 

Thickneaa of rertioal part = '88 

Area of croaa lection = 8 '08 inchea. 

Weight of oaating 394 ^^ 

Breaking weight 8263 lbs. -* 78 owt. 89 lbs. 

It ftrj near to the middle. 

rm of fractiD* was nearly as in the figare to Experiment 1 ; but here 6 n - 2*5, 

s -55. 




* Experiments 5 and 6 are omitted, being defeetiTe. 
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BXPBRIMBNT 9. 

In this the model of the above had 1 inch in breadtl 
its bottom rib. 



V 



^ \. 



Ratio of the ribs 1 to 44, nearly, 
nifltanoe between sopports as before. 
Area of top rib = 105 x '84 = O'Zt 
Do. of bottom rib = 3 08 x '61 = 1*57 
Thickness of vertical part -= *305 
Area of section = 3*37 inches. 
Weight of beam » 44} lbs. 
Breaking weight = 10727 lbs. = 95 cwt 
Computed Talae oft= 14765. 

It broke by tension 4 inches from the middle, 
towards it ; and there seemed to be a small flaw 
riby at the place of fractore. 
Here tr = '6 inch. 



BXPBRIHBNT 10. 



Common beam, cast upside down/in the usual mam 
like the rest, was from the same model as that in Experi 

Distance between supports as before. 



Thickness at A 

B 

C 

FE 

DE 

Area of section 

Weight of beam = 404 lbs. 

Brealdng weight = 8823 lbs. 

It broke 1^ inch from the middle. The form of fracture was nearly as in H 

Here 6» = 2*25, and < r = -8. 



•29 

•425 

•46 
2-3 

•53 
3*16 inches. 



EXPERIMENT 11. 

Beam from model of Experiment 9, only its top and 1: 
altered as above. 

Batio of rib 1 to 4, nearly. 
Distance between supports and depth as \h 
Area of top rib = 16 x '315 = 5 in. 
Do. bottom rib = 4-16 X -53 = 22 
Thickness of rertical part = •SS 
Area of section = 4 50 inches. 
Weight of beam = 57 lbs. 
Deflection with 11186 lbs. = -40 in. 
12698 -45 

13706 -52 

Breaking weight = 1446*2 lbs. 
— I Computed value of t = 14832. 

.J It broke by tension 1 inch from the middle. 

6 w = 2*5 inches. 
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BZPBRIMENT 12. 



model of this beam differed from that of the last, in having 
l>xt)ader bottom flange. 



Bfttio of rib 1 to i 


51, nearly. 




Diitanoe of support ss before. 




Area of top rib » 


.1-56 X -816 = 


0-49 in. 


Do. bottom rib = 


■• 6-17 X -56 = 


2*89 


Thie1mo8B of Tertieal part » '84 in. 


Area of lection = 


5 inches. 




Weight of beam = 


= 671 lbs. 




Breaking weight 


= 16730 fts. 




Compated Talne of ( ~ 14181. 






BXPB&IMBNT 13. 


DuiUuioe between snpporti 


1 as before. 




Thickness at A 


= -29 




B 


- -426 




C 


= -63 




DB 


= -565 




FB 


= 2-34 




Area of section 


= 8 '82 inches. 



/ V 



Weight of beam = 41 lbs. 
It broke at 14 inch from the middle with 8942 tbs. 

FoTTn of Beam altered. 

Tie beams in all the future experiments were of equal height 
tbroTigh their whole length, and had their top and bottom ribs 
uniform in thickness, but tapering towards the ends, the bottom 
^^ being parabolic. They are represented below by the vertical 
^y^ *nd elevation, where the sections of their middle are as in 
**® following Experiments ; and the sections, from their middle 
•^ards the ends, as in Experiments 11, 9, 3. 

PLAN. 




ELEVATION. 




3 



£U\8 foj-m "^1^ adopted to save metal, by reducing the bottom 
^"i^hich was likely to become very large. 



N 



i 
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BXPBRIMENT 14. 



I I 



Distance between rapports 4 feet 6 inches, and depth of 

beam 5| inches, as before. 
Area of top rib = 2*3 x -815 = *72 in. 
Do. bottom rib = 4*06 x '67 = 2-814 
Thickness of rertical part = -83 
Area of section « 4628 inches. 
Breaking weight = 15024 lbs. 

It broke by tension very near to the middle. 



BXPERIMENT 15. 



In this Experiment the breadth of the bottom rib only was in- 
creased as before. 

Distance between rapports and depth as before. 
Area of top rib = 2 85 x '29 = *68 in. 
Do. of bottom rib = 5*43 x 537 = 2*916 
Thickness of rertical part = *85 
.Area of section = 5 '292 inches. 
Breaking weight - 16905 Ibsi 
Computed ralneof < = 18918. 

It broke bj tension. 

BXPERIMBNT 16. 

Beam from the same models but with further increased bottom 
rib. 

Distance between supports and depth as before. 
Area of bottom rib = 6*8 x 502 => 8*413 inches. 
Breaking weight -« 14336 lbs., nearly. 

EXPERIMENT 17. 

Beam of the common form, from the same model as the pre- 
ceding one. (See fig. to Experiment 4.) 

Distance between supports as before. 
Weight of casting = 394 lbs. 

Weight Deflection. 
6218 -28 inches. 
7138 -33 
Breaking weight = 7598 lbs. 

EXPERIMENT 18. 

Beam from the saine model as that in Experiment 16. 

Distance of supports as before. 
Top rib = 2-3 X -28 = '64 in. 
Bottom rib = 6-61 x -64 = 3*57 
Thickness of yertical part = '34 
Area of section = 5*86 inches. 
Weight of capting — 684 ^^^8. 
Breaking weight ^ 19441 tt>s. 

This beam broke rery nearly in the middle bjr tension, as bcforf. 
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EXPERIMENT Id. 

DiitMiee of siipporte 4 f«ei 6 inehea, and depth 

of beaoi 6| inehct, m beforou 
Area of top rib - 2*83 x '31 - '72 in. 
Bo. of bottom rib » 6-67 x '66 - ii 
TbiekoMi of Toiiad part = -266 
Area of aaetioa s 6*4 or 6{ incboa. 
Wdgbtofbeam s 71 Ibo. 
Braking weight » 26084 Iba. 
CoBpvted Talne of I = 15474. 

tikk betm broke in the middle bj eomprenion, a 
wedge Kparating from its upper aide. 



y\ 



EXPERIMENT 20. 

Beam from the same model as that in the last Elxpcriment. 

Dittanoe between lopporta ai before. 
Area of top rib - 2*3 x *28 » 64 in. 
Do. of bottom rib == 6*69 x -65 - 4*31 
Thickne« of Tertieal part » '335 
Area of lection 6*5, or 64 iDchea. 
Weight of beam - 74] Ibe. 

It broke in the middle of the beam hj tension, with 28249 lbs., nearlj. 

EXPERIMENT 21. 

This was an elliptical beam from the same model as that in 
Experiment 12, and those preceding it, the bottom rib being further 
increased, and being, like as in them, of equal breadth through the 
wbole length of 5 feet. 

DiiUnee between supports as before. ^^ / 

Area of top rib » 1-54 x -32 - 493 in. 

Ih, of bottom rib = 6*50 x -51 » 3*315 

Thickness <^ Tertieal part » -34 

Ratio of ribs 64 to 1. 

Area of seetion » 5*41 inches. 

i broke Terj near the middle by tension, with 
21009 lbs., nearly. 



[ 



] 



EXPERIMENT 22. 

This beam was of the common foi*m, from the same model as 
efore, for comparison with the three preceding ones. 

Distanos between supports as before. 
Thickness at A = -30 
B « -42 
C - -45 
D E = -51 
P B = 2-28 
Area of section = 3*17 inches. 
Weight of beam = 40 Ibi. 



This beam bore 8965 lbs., and broke in the middle with 
oonsidermblj less than 9327 lbs. 




N 2 
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BXFERIMRNT 23. 



/ X 



I] 



DitUnoa between sapporto 7 feet 
DepUi of beam 4*1 inches. 
Ana of top rib » 2*25 x *33 « *74 in. 
Do. of bottom rib -> 600 x -74 = 4'44 
Thi^nen of Tertical part = '40 
Area of lection *» 6*54 inches. 
Weight of casting » 114 fts. 
Breaking weight = 6 tons 103 lbs. 
Computed Talne of < = 16720 



/ \ 



BXPERIMBNT 24. 

Distance between snpports 7 feet. 
Depth of beam 5*2 inches. 
Area of top rib « 2*25 x '35 = '79 in. 
Do. of bottom rib = 6*00 x *77 = 4'62 
Thickness of Tertical part = *34 
Area of section = 6*94 inches. 
Weight of casting = 128 lbs. 
Brei3dng weight = 6 tons 15 cwt. 9 lbs. 
CompatedTalaeofI = 18612 



/ \ 



EXPERIMENT 25. 



Distance between sapports 7 feet. 
Depth of beam 6*0 inches. 
Area of top rib = 2*2 x -33 = *73 in. 
Do. of bottom rib = 5*05 x *75 « 4 46 
Thickness of rertical part » *355 
Area of section =e 7*08 inches. 
Weight of casting « 1274 lbs. 

It broke by tension in the middle with this last weight, 
15129 lbs., after standing a minute^ 



EXPERIMENT 26. 



Distance between supports 7 feet. 
Depth of beam 6*93 inches. 
Area of top rib = 2*26 x '34 = 
Do. of bottom rib s 6*05 x '75 
Thickness of Tertical part «i '88 
Area of section = 7 '67 inches. 
Weight of casting = 146 lbs. 
Brei^iog weight = 9 tons IS cwt 



765 in. 
- 4-537 



/ \ 
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EXPERIMENT 27. 

Distanee between supports 7 feet. 
Depth of beam 6*98 inches. 
Beam from the same model as the last. 
Area of top rib = 2-25 x -32 = '72 in. 
Do. of bottom rib = 5 95 x '73 » 4*343 
Thickness of vertical part = *87 
Area of section = 7 '40 inches. 
Weight of beam = 1 41 Ibsi 
Breaking weight » 19049 Ttm, 



EXFERIMKNT 28. 



Distiknee between supports 4 feet 6 inches. 

I>epth of beam 54 inches. 

Weight of beam 81 lbs. 

Area of top rib = 2'15 x '27 = "28 in. 

Do. of bottom rib = 6*74 x -71 = 4 785 

Thickness at A .... '25 
B half-waj between flanges *37 
C .... '63 

Area of seetion 7 *20 inches. 

Breaking weight » 25144 Iba. 




] 



EXPERIMENT 29. 



Distance between snpports 9 feet. 

Depth of beam 5| inches. 

Weight of beam » 170^ lbs. 

Area of top rib « 22 x -36 = -79 in. 

Do. of bottom rib == 7 x '69 = 4*83 

Thickness at A = '27 

B = -33 

C = -60 
Breaking weight = 11056 lbs. 



EXPERIMENT 30. 



l^isUooe between supports 9 feet 
^ofbeamlOl inches. 
^e'|litofbeam2271bs. 
Awaoftoprib = 2-1 X -27 = 
Jjofbottora rib 6-14 x -77 = 
Thickottiat A =» -20 

B = -25 

C = *35 
l^^m weight = 28672 lbs. 
^Pated Talue of f « 14606 



•67 in. 
4-72 



B 



3 



i 
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BXFBKIMBNT 31. 

Distance between rapports 4 fi;et 6 indies. 

Depth of beain 5*1 inches^ 

Weight of beam 88 lbs. 

Area of top rib = 215 x *24 <- *62 in. 

Do. of bottom rib = 7*60 x 72 = 5*472 

Thickness at A a *27 

B => -44 

0= -48 
Area of seetion « 7*90 indies. 
Breaking weight = 12 tons 114 ^^^ 



EXPSRIMBNT 82. 

Distance between supports 9 feet. 

Depth of beam 5| inches. 

Weight of beam 192 lbs. 

Area of top rib = 2'25 x '8 = '67 in. 

Do. of bottom rib = 77 x •7« = 5*86 

Thickness at A = *8(l 

B = -42 

C= '60 
Breaking weight = 15196 lbs. 



EXPERIMENT 33. 

Distance between supports 9 feet 

Depth of beam 10| inches. 

Weight of beam 244 lbs. 

Area of top rib = 2*2 x •83 = 73 in. 

Do. of bottom rib =« 7*6 x "75 = 5*70 

Thickness at A = '15 

B = -38 

C = '35 
Breaking weight = 32200 lbs. 



EXPERIMENT 34. 

Beam of common form, from the same model as before, and cast 
on its side for comparison. 

Distance between snpportff 4 feet 6 inches. 
Depth of beam in its middle 5| inches. 
Weight of beam 36^ lbs. 




Thickness at A 


= 


•27 




B 


r= 


•40 




C 


^ 


•44 




FE 


= 


2-27 




DE 


z^ 


'40 




Area of section 


^z 


2-921 


inches. 



Breaking weight = 8792 lbs. 
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BZPBRUIBNT 85. 

A beam of the common form, and from the same model and 
iron, cast erect^ as usual 

DicUnee between lopporto 4 feet 6 inehet. 
Depth of beam in ita middle 5| incbeii. 
Wttgbt of beam 37 Iba. 
Thieknees at A = -27 
B = -355 
C = -43 

F B » 2-26 

D^'^ -47 
Breaking weigbt = 9044 Ibi. 
Computed ralne of < = 15980. 

In the preceding investigation the breaking weight is given 

from which to determine the tensile resistance ; but the usual 

practical question is, to find the breaking weight, having first 

ascertained the tensile strength, which is of course simply to 

re?erse the last operation. In the case of small beams, of the kind 

employed in the foregoing experiments, a sufiiciently near approxi- 

matioD, it will be seen, may be obtained by assuming^ = 14,500 

or 15,000, except in peculiar kinds and mixtures of iron ; these 

will generally require a higher number, which must be previously 

determined. 

But it appears from the results of experiments by Mr. Hodgkiii- 
8on, given at page 111 of the "Appendix to the Report of the 
Commissioners on Railway Structures," and others by Lieut.- 
C!olonel James, R.E., page 251, &c., that a much lower value of t 
must be taken when the thickness of the casting becomes 2, 2^, or 
3 inches, as in large railway girders. Mr. Hodgkinson found that 
bars of 1, 2, and 3 inches square, broken on props having the same 
relative distances, manifested a decrease of strength in the propor- 
tion of 1, "780, "756 ; and Colonel James's experiments gave a still 
greater decrease, viz. of 1, 794, 624, and which, by other experi- 
ments, he traces to an imperfect crystallization of the interior 
particles, in consequence probably of the more rapid cooling of the 
exterior parts. It appears, therefore, that in those large castings 
commonly employed for railway bridges, it would not be safe to 
assume t at more than 10,000 lbs. 
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No. 



EXPERIMENTS BT G. RBNNIE, Esq. 
136. ^ '^ Trantrene Strengtk of Cad Irwa Ban of vanous Fiffum. 



Bflscriptioii of Bar. 



Weight i^|! £S 



of 
Bm-. 



1 
2 

3i 

4 I 

5 I 

7 ! 

8 I 
9 

10 

n 

12 
13 
14 



15 
Id 



10 
9 



OS. 

6 

8 



Bar of 1 inch square 

j Ditto of 1 inch ditto 

I Half the aboTe bar 

\ Bar of 1 inch square through the diagonal ! 2 8 

j Half the above bar { 

i Bar of 2 inches deep bj 4 inch thick 9 Si 

( Half the above bar ... 

\ Bar of 3 inches deep bj J inch thick 9 15 

Mlalf the aboTC bar 

Bar 4 inches bj \ inch thick 9 7 

Equilateral triangles, with the angle ap and down : 

Edge or angle up 9 11 

angle down 9 7 

Half the first bar 

Half the second bar 
A feather-edged, or J^ bar was cast, whose dimensions 
were : 

2 inches deep bj 2 wide, edge np 10 

Half of ditto ... 



fL 
3 
o 

1 
2 
1 
2 
1 
2 
1 
2 

2 
2 
1 
1 



in. 



8 

4 

8 

4 

8 

4 

8 

4 

8 

8 
8 

4 
4 



2 8 



897 
iaS6i 
23-20 

851 
1587 
2185 
4503 
85S8 
6H54 
8979 



1437 
840 
3059 1 
1656 



3105 



N. B. All the aboTo bars contained the same area, though differently distributed as to 
their forms. 



137' Experimentt made on Bart of 4 inrhet deep hy \ inch thick, hy giving them 
different forirn, the liaring at 2 feet 8 inches, tu hrfort. 

Its. 



1 7. Bar formed into a semi-ellipse weighed 7 lbs. 

18. Do. parabolic on its lower edge 

VJ. Do. of 4 incbes deep, \ inch thick 



4000 
3860 
8979 



Experiments on the Transverse Strain of Bars, one end made fasi, the weight being 
suspended at the other at 2 feet 8 inches from the bearing. 



20. An inch pquare bar bore 

21. A bar 2 iuches deep by 4 in<^h thick 
2*2. An inch bar, the ends made fast, bore 

23. The paradoxical conclusion of Emerson was tried, which states, by cutting 
off a portion of an equilateral triangle (see page 114 of Emerson's ** Mechanics"), 
the bar is stronger tiian before, that is, a part stronger thau the whole. The ends 
were Ioorc, at 2 feet 8 inches apart, as before. The eJge from which the part was 
intercepted was luwcrniust ; the weight was applied on the base above ; it broke 
wiih 1 129 lbs., whereas in the other case it bore only 



lbs. 

280 

539 

1173 



840 



We have given the above Experiment as it is reported by Mr. 
-f^ennie ; but it is at variance, as well as Experiments 11, 12, 13, 
^*^^ with all the similar experiments on wood, reported in Arts. 90-2. 
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On the Strength of Cast Iron Columns, 

138. The only experimeDts that have been made upon cast iron 
columns,are those by Mr. Hodgkinson^but they are rather numerous, 
and in a certain d^ee comprehensive. They extend to above 200 
specimens, varying in their proportions from about 1 in 2 to 1 in 
120, and in their actual dimensions from | inch to 7 feet 6 inches 
in lengtL* The results of the experiments on flat-ended columns 
have been plotted in the accompanying diagram (Plate 8) to a 
vertical scale of the breaking weight in pounds per square inch of 
section, and a horizontal scale of the proportions of the columns. 
Their general regularity is worthy of note, as is also the marked 
variation (more especially in the solid columns) at about 1 in 30, 
where the crushing of the material ceases, and buckling commences 
to be the sole cause of failure. Some of the experiments give a 
very high result, which may be accounted for by the specimens t 
being exceedingly small (from i inch to ^ inch in diameter), and 
consequently harder in proportion. 

From an analysis of the above it appears, that the index of the 
power of the diameter to which the strength of long pillars of 
cast iron is proportional is 3'6 nearly ; and in columns of equal 
diameter the strength is inversely as the l'7th power of the length, 
nearly. So that if S = the ultimate resistance of a column, D the 
diameter, and I the length, then 

D3.6 

c being a constant, which, if D be in inches and I in feet, appears to 
be 44*16 tons, the mean result from 11 solid, flat-ended pillars of 
more than 25 diameters in length. The formula for hollow 
columns was obtained by Mr. Hodgkinson by adapting the result 
of Euler's theory to those of experiment, and is found to answer 
well when so altered. According to that theory, the strength 

varies as — i— (" Poiason M^canique,'* voL i., 2nd edition. Art. 

315), which would no doubt have been practically correct, had the 
material been incompressible. This not being the case, however, 
the following wiU hold good : 

8 = c X J^:f — . 

where D = the external diameter, d the internal diameter, and I, 

* Tide *'Pbi1oMphieal TraDsactions of the Hoyal Society,'* 1840. 

t Vide Hodgkiucn's **TxeaUse on Cast lion," p. 318. London : John Weale, \SiG. 
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the length. The constant, when D and d are in inches, and I in 
feet, is in this case 44*3 tons, obtained from experiments on 11 
pillars of greater length than 25 external diameters. 

In columns shorter than from 25 to 30 diameters there appears 
to be a falling off in the strength, as here the material first gives 
signs of being directly crushed, an evident deterioration from its 
efficiency to resist buckling. This necessitates a modification in 
the formulse above given ; and the following has been found to be 
an approximation corresponding very well with experiment: — if^ 6= 
the result of the formulae for long columns, c the force which would 
crush the pillar without flexure (49 tons per square inch), and Y the 
real breaking weight, then 

Y = ftg 

^ 6 + Jc * 

The above formulae apply only to columns with flat or fixed 
ends. From other experiments made by Mr. Hodgkinson, it was 
found that the breaking weight of a long pillar with rounded or 
moveable ends (as in the connecting rod of a steam engine) is about 
oue-third that of a pillar of the same dimensions with flat ends. 
This ratio only remains constant, however, in pillars of not less 
than about 30 diameters in length. In shorter pillars it varies 
1 : 3 to 1 : 1*5 or less, as the length of the pillar becomes less. The 
strength of a pillar also with one end fixed or flat, and the other 
rounded or moveable (as in the piston-rod, &c., of steam-engines) is 
always an arithmetical mean between that of a flat-ended and 
that of a round-ended pillar of the same dimensions. The strength 
of a pillar with flat ends, also, is the same as that of a pillar with 
rounded ends, of the same diameter, but of half the length. It was 
also found that an increase in the diameter of a column in the middle 
of its length, gives an additional strength, which does not however 
exceed one-seventh or one-eighth of the ordinary breaking weight 

In the experiments on hollow columns a curious and rather 
important fact was noticed. Some of the pillars were cast with 
one side (unintentionally) thicker than the other; but this gave 
Mr. Hodgkinson an opportunity to observe what falling off in the 
strength (if any) arose from that cause, which is one to which cast- 
iron pillars used in practice must be very liable. " It is gratifying 
to find," he says (" PhiL Trans. Royal Soc." 1840), " that a matter 
which would seem to destroy all confidence in a pillar, does not 
produce a great reduction in the strength." The probable reason 
he assigns is this : that from some general cause, the thin side was 
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always the one compressed, and as cast iron resists compression 
with about six times as much foi-ce as it does tension, the pillar 
seldom gave way by compression, and bore nearly as much as if it 
had been of equal thickness on both sides. 

In addition to the above, experiments were made upon hollow 
columns tapering gradually from the bottom to the top ; upou 
columns with a section, thus ^1 (as in the connecting-rod of a 
Bteam-engine ; and also upon I columns of a section, thus, i i 
aU of which, however, proved to be considerably weaker than Pi 
the hollow uniform cylinder of equal weight 

Subjoined is aTable,and on the diagram (Plate VIIL) will be found 
a curve giving the breaking weights per square inch of solid columns 
1 inch in diameter, calculated from the formube above given. It 
is a peculiarity of these formula;, however, that they do not give 
the same strength per unit of section in similar columns ; the 
resistance is less as the absolute diameter of the column is greater.* 
So that in columns up to about 4 inches in diameter, a reduction 
of 1 ton per square inch must he made in the weights given in the 
Table ; up to about 8 inches in diameter, a reduction of about 2 
tons ; and up to 12 inches, about 3 tons. The strength per unit of 
section in hollow columns will depend (according to these formula;) 
not only upon the ahsolute diameter, but also upon the proportion 
tlie thidcnesa of metal bears to the external diameter ; as the 
column approaches to or recedes from the nature of a solid 
column. 
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15 1 16,100 


21 40,800 


27 


31 


100 


40 


10,300 


70 


6,300 



* Tbongh <tU» b in oppMitton to the uiDiDptioii of all other RO^Utd formnln fur 
coIdbm, It !■ k wiation on (ha taie of prutieal irath ; for the lugir the mu* uf irmi 
aa<ti tbe ki^ fnm nuny ckues, ia its BTcnge reaiiUiDce per unit of MctiaD. 



ON THE STRENGTH OF MALLEABLE IRON. 



139. It is only since the commencement of the present century 
that malleable iron has been employed in situations which rendered 
it desirable to know with certainty its strength imder different 
circumstances. With the exception of anchors and chains, 
malleable iron was seldom employed to resist by itself very great 
strains, its general application having been to connect and tie 
together different parts of a structure under circumstances which 
rendered it difficult, and not essentially necessary, to know with 
accuracy its ultimate force of resistance : all that is requisite in 
such cases is, that the iron shall exceed the strength of the other 
parts, and as the quantity thus employed in any case was incon- 
siderable, it was of little importance if more iron than was really 
necessary was used, and which, therefore, was commonly done, and 
its actual strength disregarded. But since the time alluded to, 
malleable iron has been introduced for several important purposes, 
in which it is employed by itself to resist enormous strains, as in 
the case of ships' cables, suspension bridges, and railway bars ; it 
IS, therefore, of the greatest importance that we should be able, 
from a knowledge of its actual strength, to proportion the several 
parts, so that while we insure perfect safety on the one hand, we 
may not, on the other, unnecessarily employ more of the material 
than is requisite, for all the weight thus introduced beyond what 
safety requires is always unnecessary, and frequently injurious. 

The first application of malleable iron which rendered this 
knowledge indispensable, was the invention of iron cables by 
Captain Brown, and he accordingly was the first person who con- 
structed a machine capable of making experiments on a sufficiently 
large scale to be depended upon : this was made to work by wheel- 
work and a well-balanced system of levers, but subsequent experi- 
menters have generally employed the hydrostatic press, a machine 
admirably suited to such a purpose : commonly, however, in these 
the force was estimated by the pressure on a small valve, which 
was very defective on two accounts ; 1st because the friction of the 
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leathers, which is very considerable with large strains, was not in- 
cluded ; and 2ndl7, because the proportion between the valve and 
piston was too great Such machines, therefore, commonly over- 
rated the strain, and the motion of the balance weight was too 
small to be sufficiently perceptible. 

To avoid these two evils, the Admiralty have had an excellent 
machine of this kind constructed in Woolwich Dockyard, for testing 
their iron cables, in which the strain is brought on by hydrostatic 
pressure, but its amount is estimated by a system of levers balanced 
on knife edges, which act quite independently of the strain there 
is upon the machine, and exhibit sensibly a change of pressure of 
^th of a ton, even when the total strain amounts to 100 tons. 



140* Table Aowing the different hind$ of he»i Bower CahUi at preteni employed in the 
BrOiih Navy, with the corresponding Iron Cablet, and the Proof Strain 
for each. 



Batas of Ships. 



Bast bower 

hempen cables, 

100 fathoms. 



Weight. 



a 



Breaking 
strain 

by experi- 
ment 



Diameter and weight 

of the bolt of the 
iron cable substituted 
for the pre- 
ceding. 



Fini-zmte, Iftige - 
middle 
■mall . 
SMond-imte 
Thirdy kige 
mall 
Fovth, 60 guns. 
58 do. . 
50 do. . 
Fiftb, 48 do. . 
46do. \ 
42^. / 

Sixth, 28 do. 

Kiip^ sloop . 
Brig^ laige . . 

mall 



in. 


cwt 


qr. lbs. 




tons, cwt qr. 


25 


114 


2 7 


8240 




• • • 


24 


105 


2 17 


2988 




• • • 


23 


96 


2 27 


27361 






28 


96 


2 27 


2736 > 


114 





23 


96 


2 27 


2736 






22 


89 


12 


25201 
2268 J 


89 





21 


80 


22 


19 


66 


21 


1872 




■ •• 


184 


62 


1 14 


1764 




• • • 


18 


58 


2 6 


1656 


63 





174 


56 


1 


1584 




• • • 


l*i 


88 


21 


1080 


40 





184 


83 


10 


936 




• • • 


13| 


38 


10 


936 




« • • 


11 


21 


2 15 


612 




• • • 



24 Inches. 
218 cwt. 

2 inches. 
186 cwt. 2 qrs. 
1| inch. 
170 cwt 2 qrs. 

If inch. 
145 cwt. 3 qn. 

If inch. 
. 87 cwt. 2 qrs. 

14 inch. 
\ 74 cwt. 8 qrs. 
1 4 inch. 
61 cwt. 1 qr. 



{ 



V 

a 
I 



OQ 



tons. 



} 



81 



72 
► 63 

55 

I34 
28 
23 



} 



From the above Table the immense advantage of iron cables 
will be distinctly seen, and particularly when we consider that a 
hempen cable, on a rocky bottom, is destroyed in a few months, 
while the other will sustain no perceptible injuiy. 
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14L 'Actual experimental Strengih of ChaiHy made of varunu DeMCriptions of rt- 
manufactured Foreitpi and Englith Jron^ perfornud 2nd September, 1816, 

at Captain Brownie Manufaetorjf, 

tons, cwt 
14 inch . . Old sable, 14 inoh iqnare ban, eat into pieoee 2 feet long, 

piled and rolled into bolte of I4 inch . . . . 73 10 

14 inch . . . Old sable, ditto, ditto 80 

1 4 inch . . Gnrooft new sable, ditto, ditto 71 

1 4 inch . . Keiolsken, Archangel, inch sqnare bars, cat into lengths of 

2 feet, piled and rolled into bolts 71 

1 4 inch . . Old bolts, found promiseaoaslj, piled and fagoted by hand- 

hamtners at mj works 71 10 

1 4 inch full . . Bnglish bars, piled and rolled 86 

14 inch bare . . Ditto . . ditto 80 

Further Experiments, made IZtk September, 1816. 

tamt. cwl 

1 4 inch . . Old Dutch bolts, fagoted bj hand-hammers at m j w:orlc8 . 71 

14 inch . . . No. 1, | square (Welsh iron), hammered into blooms, and 

rolled into bolts, at the King and Queen works . . 78 10 

] 4 inch . . No. 2, } inch square (Welsh), manufactured as aboTe 73 6 

14 inch . . No. 4, Welsh iron, fiigoted bj hand-hammers at my works 88 10 

14 inch • . No. 6, j inoh square ditto, rolled, but not hammered, at 

the King and Queen works 76 

1 4 inch • • . King and Queen scrap iron 80 5 

The links of these chains were of an oral-like form, 6 inches in the clear. 

S. BROWN. 

The mean of these experiments gives 76 tons for the strength 
of a double bolt of IJ inch diameter, in the cable form, which 
corresponds to about 21 J tons per square inch. Now by the 
same machine, the mean strength of wrought iron, per square 
inch, is 25 tons (see the following experiments) ; therefore, the 
strength of iron in the cable form is to that of the simple bolt 
in about the ratio of 43 to 50. But in these cables the links 
were without stays : when these are introduced, as in Brunton's 
patent cable, the strength is very nearly equal to that of th 
iron in the simple bar form ; so that the stay may be said tc 



increase the strength by about one-sixth part ; at the same time-^ 
however, it must be considered that the weight is also increase<FZ 
although perhaps in a somewhat less ratio. 

Experiments on Direct Cohesion of MaXleahle Iivn. 

142. The next important application of malleable iron was P 
the construction of suspension bridges, also the invention of Capta -^ 
Brown. Subsequently, viz., in 1814, it was proposed by the I1 ^ 
distinguished engineer^ Thomas Telford, Esq., to suspend a brid ,j 
of tliis kind over the River Mersey at Runcorn, of 1000 feet s|>{^»- 
In an undertaking of this magnitude, it became essentially neccT*^^^ 
sary to know very exactly what strength could be depended up^^^-* 



EXPERIMENTS ON DIRECT COHESION. 101 

1 the material to be employed ; and Mr. Telford accordingly 
ndertook an extensive series of experiments, both on the strength 
r malleable iron bolts, and on iron wire, with which he obligingly 
ipplied me for the first edition of my " Essay on the Strength of 
[aterials." These are given below, in the form in which they 
'ere recorded at the time of making them, at Messrs. Bninton's 
x)n cable manufactory. The other experiments were in liko 
umner supplied to me by Captain Brown. It is only necessary to 
bflerve, that Messrs. Brunton's machine, being a hydrostatic press, 
igiBtering by means of a valve, has a tendency to overrate its 
)wer, while Captain Brown's, perhaps, slightly underrates its 
)wer ; but his results certainly agree best with subseciuent 
[periments made by myself on the machine in the Dockyard at 
'oolwich. 

3. &eperknentt on ike direct Strenfftk of Cohesion of MaUeahle Iron, made at 
Mettrt, Brunton and Co.* 9 Patent Chain Cable Manufactory, with a liytlro' 
ttatie MachinCj or Bramak Prettf constructed by Mr. Fuller. By Tuumas 
TsLTOBik, Esq. 

BAB No. 1. 

Cyiindrical Bar of South Wales Jron^ manufactured by S. Ilomfrey, Esq. 

1 Length of bar when put in . .2 feet 2] inches. 

Ditto, when Uken ont . . . 2 6} 
Diameter when pat in .0 1 1 

Ditto, when taken ont . . . 1 ^ 

Tom ainnder by 43 tone 11 cwt 



BAR No. 2. ^ 
CyUndrwd Bar of South WaltM Irofn, mantrfactured by S. Homfrey, Esq. 

! Length of bar when put in • .2 feet Si inches. 

Ditto when taken oat . . 2 6} 
Diameter when pot in . .0 1 4 

Ditto when taken oat . . . l} 

Tom asnnder by 52 tons 15 cwt 1 qr. lOIbs. 
Time, 84 minutes. 

BAB No. 3. 
Square Bar of Staffordshire Iron, 

! Length of bar when pat in . .1 foot 5} inches. 

Ditto when Uken oat . . . 1 111 
Side of sqaare when pat in . .0 0} 

Ditto when taken oat . . . O^o 

Began to stretch with 12 tons ; broke with 15 tons 
6 cwt. 8 qrs. 4 lbs. Time, 9^ minates. 

BAB No. 4. 
Square Bar of Staffordshire Iron. 

1 Length of bar when pat in . .1 foot 7i inches. 

Ditto when taken oat . . . 1 9\ 
Side of sqaare when pnt in . .0 \-^ 

Ditto when taken oat . . . 0^ 

Began stretching with 32 tons ; broke with 32 tons 
6 cwL 4]!bs. Time, 16 minates. 
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May 5ih, 
1817. 



Maj Sib, 
1817. 



BAB No. 5. 

Square Bar of Welsh Jnm, 1 inek equare. 

''With 18 tons stretched . . 0| inch. 

Ditto 21 tODB ditto • . . 04 

Ditto 28 tom ditto . j 

Ditto 25 tonf ditto . . . 1 

Ditto 27 tonf ditto . . 2^ 

Ditto 29 tona ditto 

BAB No. 6. 

Bar of Swedish Iron^ 1 inch square. 

( Began to atretch with 17 tons. 

) Stretched * with . . 20 tons, Ath inch. 

) Ditto with . . 27 tons, ftba. 

( Ditto with . . . 29 tona. Broke at a flaw. 

BAB No. 7. 



A« \ Brake with 
' ^" ( thia weight. 



Bar of Fagoted Iron, from Scrap Iron, Bjf Mr, Howard, of RotherhUhe. 

1 inch square.^ 

Began to stretch with 16 tons. 
i Stretched with • . 20 tons, 0| inch. 
Maj 5th, ; Ditto with • . 25 tona, Oi 

1817. \ Ditto with . . . 28 tona, 2| 

I Ditto with . .29 tons. [^J^l^^ 

BAR No. 8. 

Bar of common Staffordshire Iron, 1 inch square. 

Began to stretch Vith 19 tons. 
Stretched with • . 24 tons, 04 inch. 



Maj 5th, 
1817. 



( 



Ditto with 
Ditto with 
Ditto with 

Ditto with 



. 28 tons, Of 
. 29 tons, 0| 
. 30 tons, 1 



Broke with 
this weight. 



. • 81 tons. 
BAR No. 9. 
Cylindrical Bar of common Iron, 2 inches diameter. % 

Began to stretch ; about ^th of an inch on 12 



May 2l8t, 
1817. 



( 



With 45 tons. 

With 50 do. 

With 55 do. 
With 60 do. 

With 70 do. 

With 75 do. 



inches in the middle. The machine being re- 

liCTed, the bar shortened jj^th of an inch. 
Stretched *125 inch ; relieyed, and ahortenedas 

before. 
Do. *25; do. do. 

Do. -26 

Do. '375 inch ; recovered tctj little: 

when the machine was relieved. 
Do. '544 ; do. do. 

Do. *75 ; reduced in diameter tc 



With 95 do. 



With SO^th do. j - ,^^ .^^^ 

With 85 do. Do. '86 ; no perceptible change. 

With 90 do. Do. 100 ; do. do. 

!Do. 1 *35 ; reduced in diameter \ 

lith inch. 
With 100 do. Do. 2*2 ; do. do. to \\, nearl 

With the last weight the bar gave evident signs of fracture ; and, in a few mini 
gradually gave way. 

* The stretchings were measured on 12 inches in the middle of the bar. 
f A similar bar began to stretch with 18 tons, and broke with the same weight 9^ 
above ; viz. 29 tons. 
t The whole length of the above bar was 2 feet ; and it stretched in its whole len|^ 
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JReduetian of the above to 1 inch tquare, 

tons. cwt. 
No. 1, reduced to 1 ineh eqiiare, giret 29 6 Welsb. 

No. 2, 29 16 Ditto. 

No. 3, 27 3 SUflfordahire. 

No. 4, 27 10 Ditto. 

No. 5, 29 Welsh. 

No. 6, 29 Swedish. 

No. 7, 29 Fagoted. 

No. 8, 31 Stafifordshire. 

No. 9, 31 16 



9)2o3 11 



Mean ■krength of an inch square bar 29 5% 

144. Experimenii <m Irtm Ban and CableSy made at the Pateni Iran Cable Manu- 
faetorif of Captain 8, Brown, MiU Wall, Poplar, with a Machine which acts on the 
Principle of the Weigh- Bridget, From a Report presented to the Author by the above 

(COPT.) 

Mill Wall, Poplar, 28tb May, 1817. 

Baqterimente on different Dacriptions of Iron, 

BAB No. 1. 

A bar of Swediah iron, 8 feet 6 inches long, 1/g inch square, required a strain of 
40 tona 19 ewt. to tear it asonder in a straight line. It stretched during the operation 
^tbs of an inch. No perceptible alteration in the general appearance of the bar, except 
at the phwe of rnptore^ where it was reduced to l^th of an inch. 

The particks zemarkablj small and close, of a whitish grey colour; not the least 
Seated in the operation. 

BAR No. 2. 

Another piece, 3 feet 6 inches long, same mark, required a strain of 39 tons 15 cwt. to 
^ it asunder in a straight line. It stretched ^th of an inch, the bar being torn into 
cnda in Tarions places. It reduced to l^th of an inch at the place of rupture. The 
|nrtiel« remarkably cloee and smaU, as before, intermixed with a few fibrous specks. 
CSolovr, whitish grey ; not heated at the time of rupture. 

BAR No. 3. 

A Swedish bar, 8 feet 6 inches long (different mark), l^'^ inch square, required 33 tons 
lOewito tear it asunder in a straight line. This bar was exceedingly soft and ductile, 
*^ itietched 3 inches in the operation, and reduced at the place of rupture to ftbs of 
^ ^ It broke extremely fibrous, exhibiting no particles. The complexion silvery ; 
^ ttodi heated at the place of rupture. 

BAR No. 4. 

Aytof Rnarian old sable, marked CGN, 3 feet 6 inches lonir, 1^1 inch diameter, 
'HJ^ a strain of 86 tons 2 cwt. to tear it asunder in a straight line. This iron, very 
?^ttd ductile, stretched 2} inches, and reduced at the place of rupture to 1 inch in 
r^l^Her. This iron appeared at the pkoe of rupture in the form of a scarf, as if it had 
?^eat with a pair of shears : the snrfitMse so smooth, that there was no appearance of 
^^ or partides : its fibrous quality was, however, sufficiently indicated by the whole 
'I'P^ttuieeofthebolt. 

^^^dwB ; of which 2| inches were in 12 inches in the middle part The whole time of 
^^ tbb experiment was three hours ; and it was performed with the utmost care. 
J^ aaehine was frequently relieved ; and, when reapplied, constantly brought up the 
^^t to what rt vras befoi'e, but never exceeded it ; which is evidence of its accuracy. 

^ofc^It ia a oorious fttct, and deserving the attention of philosophers, that fre- 
^^71 at the moment of rupture, the bar acquires such a degree of heat in the fractured 
^ M scareely to allow a person to hold it grasped in his lumd without a painful sensa- 
■i** of bmiiiBg. 
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BAB No. 5. 

A bar of Welsh irmi, denominated No. 8; 8 feet 6 inches long, 1} inch iqnare, 
required a Rtrain of 88 tona 1 owt. to tear it aannder. Thia iron poeseawd conaiderable 
ductility, bat reduced in diameter more gradually than in the two preceding experiments. 
It stretched 2 inches, and was reduced at the place of rupture to l^th indi. The com- 
plexion of this iron* when looking directly down upon the place of ruptnrep was a dingy 
blue ; and when held horizontally to the light, and yiewed obliquely, bri{^t and fibrous, 
though not so white or sUyexy as the foreign iron. Very mndi heated at the place of 
rupture. 

BAR No. 6. 

A bar of common Welsh iron, 8 feet 6 inches long, l|th inch square. It required a 
strain of 31 tons. This bar had little ducUlity, and si20fered no general derangement in 
the operation. It broke directly across the bar, and measured at the place of rupture 
ly^th inch. The particles of this iron were fine, and exceedingly condensed, resembling 
steel ; and there appeared nothing of a fibrous nature in it : indeed, its complexion and 
texture seemed to be at Tariance witii the genotd rules for judging of the quality of iron. 
Its measure of strength, howerer, was moat accurately ascertained. 

BAR No. 7. 

A highly interesting one. A bolt of Welsh iron denominated No. 3 ; 12 feet 6 inches 
long, 2 inches in dismeter ; required a strain of 82 tons 15 cwt. to tear it asunder. 
When subject to a strain of 68 tons, it stretched 8 inches, and was reduced to l^fths inch 
in diameter. When the strain was increased to 74 tons 15 cwt., it had stretched 6 
inches, and was reduced |th of an inch gradually in the diameter. With 82 tons it 
stretched 14 inches. With 82 tons 15 cwt., the bolt broke about 5 feet from the end, 
the levers being exactly balanced. It had stretched during the whole process 184 inches ; 
and measured at the place of rupture If inch in diameter. 

Samubl Blows. 
BAR No. 8. 

A bolt of Welsh iron, 1*43 inch diameter, 5 feet in length, was torn asunder by a fiiree of 
48 i tons. 

With 28 tons its diameter was reduced to 1 *4 inch. 

With 35 tons 1-35 inch. 

With 40 tons 1-30 inch. 

With 43 tons the bolt broke, having lengthened during the experiment 7 inches. Con- 
siderable heat about the section of fracture. 

This IS the only one of the above Experiments at which I wi 
present. 

Reducing the above to inch square. 

Tods. 
No. 1. Swedbh Iron .1 square inch, 23*77 

No. 2. Ditto do. 28-19 

No. 3. Ditto .... do. 2375 

No. 4. Russia do. 26*55 

No. 6. Welsh .... do. 24*35 

No. 6. Ditto do. 24*90 

No. 7. Ditto .... do. 26*33 

No. 8. Ditto do. 26*84 

Mean 25 tons. 

The mean of Mr. Telford*8 experiments is 29| tons. 



Mean of the two . . . .27 tons. 

145. Expcrimcntt on Malleable Iron Bart with the Testing MacHiine^ in Woolwi 

Dockyard, By the A uthor, 

BAR No. 1.— Solly's Patent Iron. 

Round bar 1 inch in diameter, broke with a strain of 21 tons. It stretched before tE» ^ 
fracture 10} inches in 8 feet in tbe middle; its whole length was 10 feet 2 inches. 
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Seeond trial, breaking weight 
Third do. do. . 

Fourth do. do. 



Strngth per aqiiAre inch 26*7 tom. 

The btr broke at a part where it had been nicked with a chisel. It waa therefore tried 
19UB, the marked part being inserted in the nippera, and the breaking weight waa now 
2t tou^ or itrength per square inch 29|, and stretch 24 inches more. 

BAR No. 2.— Solly's Patent Iron. 

&iTiare har 1 inch in diameter, broke with 231 tons at the pUu» where it had been 
licked with a chisel to nuurk it. It stretched 13{ inches in 8 feet. In consequence of 
tUidefeekk the broken parts were again tried, and one of these, after being broken, was 
■pis tried ; the following are the results : 

. 26} tons. 
. . 264 
. 25} 

Ae ibUowing are the results of other experiments on iron of good medium qoality : 

1. Bar 1 inch square, breaking weight. . . 24 tons. 

2. Ditto do. . 254 

3. Round bar reduced to inch square • . 254 

4. Ditto do. . 2Q 

Mean strength 254 

In the preceding Experiments the mean of Messrs. Bnmton's and 
Brown's experiments gives 27 tons ; but from these experiments I 
consider that we ought not to assume the strength of good medium 
iron at more than 25 tons per square inch. It will be seen by 
subsequent experiments that the elasticity is destroyed with about 
10 tons, and that iron ought not to be strained beyond its clastic 
power. 

146. Experiments on the strength of Yorkshire Iron, hy 

M. 1. Brunel, Esq. 

These were made on bars reduced in the centre part (per 
hammer) to f ths and l^ths, or ^ inch square ; but the results are 
all reduced to rods of 1 inch square. 



Iron denoted bait fthe in the Iron denoted b^M best, jths in 
middle. the middle. 

• 


Iron denoted bf*t, ^ in the 
middle. 


So. 


Began to 
stretch. 


Breaking 
weight. 


No. 


Began to 
otrotoh. 


Breaking 

weight. 

1 


1 

*; Began to 
^°- stretch. 


Breaking 
weight. 

ons. 
•27 
31 12 

:uv.-2 

.';j-7'i 
io.s 


10 
Mew. 


Tods per 
.inch. 
21* 
24* 

1815* 
22- 
20- 
20* 
28^ 
24- 
96-9 
2S*1 


.Tons per 
inch. 
29*8 
32- 
25 • 

8410 

84 8 

2S-2 

28 2 

31*6 

3211 

28*12 


1 
2 
8 

t 

6 

7 

8 

9 

10 


Ton« per 
inch. 
28-18 
27 4 
24-16 
27 10 
•J2 15 
2.'i-18 
22:1 • 
21-9 
23-9 
21-9 


Tons per 
inch. 
35 12 
30 4 
8216 
8310 
3114 
31-15 
31-0 
2l»-6 
31-7 
30-7 


1 

1 
2 
3 
4 

5 


1 

1 

1 




222 


80-4 


24-44 


32-3 



* The Kiptriment No. 3 of the first series was obviously defective. 
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The mean strength of these bars considerably exceeds 
from the preceding articles ; a circumstance which maj 
sumed, be explained from the fact of their having been i 
hammer. 




u 



Experiments on the Strength of Iron Win 

147, Amongst other propositions for suspension b: 
of iron wire for the purpose has been included ; and 

this kind have been executed ; 

as actual strength and facility 

are concerned, it would appear 

preference, but it is not thought 

to the larger constructions of 

Mr. Telford, however, in the 

the practice, thought it desirabL 

strength under various circumf 

submitting it to strains as nearly 

those of the bridge itself as possi 

statement of which he kindly fu 

in the form given in the following 

In order to comprehend the ta 
suits, it will be necessary to expL 
paratus with which the experir 
made : these are presented in i. 
figure. 

Here R S, T V, represent the 
pillars upon which the wire was 
Q S, another prop over whicl 
passed ; being placed at such a 
made it coincide with the direc 
resultant of the vertical and hori 
sions, in order to prevent any s 
the other support, R S. 

A, B, C, D, represent the pla 
several weights with which th( 
loaded ; C being in the centre of 
and B and D at Jth of the Icngtl 
end ; and the deflections from th« 
line R T were measured at thes 
the different weights were applie 
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BZPERIMENT No. 1. 

lOP ^ lAe Prvjmt 100 feel ; Weight of 100 feet of Wire, 29i ouneee; Diameter, 
taker wure tktm ^ythe of dm inA; and U krohe loken eutpended veriieaUy, at a 
\edium of different triaU, with 531 lbs. 



o^' 


-8 




n 




n 




g 


§ 


1 






r 


1 


• 


t 


Q* 


1^ 




Its 


Rkma&u. 


-^ 


^ 




^ 




^ 




& 


« 


* 




OS. 


fts. 


OS. 


IM. 


OS. 


iM. 


OS. 


ft in. 


ft in. 


ft in. 




<i 




















• • • 


4 10 


• •• 


( Deflections at B and 
{ D not taken. 


fi 




















• •■ 


2 114 


• • • 




H 




















■ • • 


104 


• • • 




1. 








1 


oi 








■ • • 


1 8 


• • • 




c 








2 


04 








• •• 


2 7 


• •• 


(The weight at C 


i 








5 


oj 








• • • 


4 11 


• ■ • 


1 bdng taken off, 
J the deflection be- 
( oame 11 inches. 





5 





30 


i 


5 





2 1 


4 64 


2 1 




1. 


9 





80 


4 


5 





2 5k 


4 104 


2 24 


Raised weight A 1 in. 





9 





56 





5 





8 11 


7 104 


8 74 







9 





56 





5 





2 8| 


5 114 
5 0] 


2 64 







9 





M 





5 





2 3i 


2 1] 




). 


9 





66 





5 





2 5 


5 44 


2 8: 




'. 


9 





72 





5 





2 7 


5 94 


2 5 




1. 


9 





77 





5 





2 7 


5 10 


2 5 




). 


9 





81 





5 





2 9| 


6 4} 


2 8 




<, 


9 





87 





5 





2 10| 
2 ll! 


6 6| 
6 3} 


2 84 




'. 


15 





71 





15 





2 11 







15 





.71 





15 





2 8| 


5 8} 


2 8l 


( Broke after sustain- 





SO 





56 





30 





• • • 


• • • 


• • • 


< ing these weights 
( for a short time. 



BXPERIMBNT No. 2. 
eeoftks Proptf 81 feet 6 inches; the §ame epeeimen of Wire as in Experiment 
0,1, hut had not been before used : the two BiuU of the Wire, in this Experiment, 
irt fixed, after drmring it at tight at poetible, viz,, to loithin lets than ith of an 
ekofa koriaontal line; and the Weights applied only in the centre. 





H 


-8 


ts 


§ 


g 


1 




I 


1^ 


1^ 


4a 






l2 

•8^ 


Bkmajuu. 




► 


^ 


^ 


Q 


p 








Iba. 






ft in. 






d. 





104 







2-88 











204 
80{ 







5-5 
















7-75 











404 







10 











50; 







1 











60: 







1 1-75 











70; 







1 3-5 











80; 







1 5 











90 







1 6-5 











100; 







1 8 











110; 







1 9-76 






» 





120 







1 10-75 











1304 







• •• 







Jost bore the last weight, and then broke. 
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BXPBRIMSNT No. 8. 

Distance of Props, 100 feet ; Diameter, Xth of an inch ; Weight of 100 feet, 2 TU. 9 ot ; 

bore vertically 736 lbs., 6itf br<^ with 738 Vba. 



"S 


-8 


H 


"8 


g 


g 


g 






1^' 




i^ 




Is 


1«' 
1^ 


Remarks. 


^ 


^ 


^ 


^ 


& 


& 


S 




lbs. 


S>8. 


fiM. 


tbs. 


ft in. 


ft. in. 


ft. in. 




362 











*•• 


5 


• • • 




862 


80 


15 


80 


2 2 


2 11} 


2 U 




362 


85 


80 


85 


2 8 


8 lOf 


2 7i 




862 


40 


85 


40 


2 11* 


4 84 


2 104 




862 


40 


41 


40 


8 8 


4 11 


8 21 




468 


56 


41 


56 


8 4& 


* Hi 


8 4ft 


• 


498 
558 


56 
61 


41 
41 


56 
61 


l^ 


15f 


1?? 




608 


76 


76 


76 


8 5^ 


^ H 


8 6i 


Rxed the wire at A. 


Fixed. 


56 


56 


M 


8 


4 6& 


2 114 




do. 


71 


68 


71 


8 8jb 


5 


8 4 


Befixed Uie wire. 


do. 


do. 


do. 


do. 


8 *A 


6 lA 


8 4ft 
8 6S 




do. 


77 


74 


77 


3 e* 


5 4A 


Befixed the wire. 


do. 


77 


74 


77 


8 8jb 


4 11ft 8 8ft 





Bore thiB weight ; bat in attempting to add 4 Ibt. more to the weights at B and D, 

the wire broke. 



EXPERIMBNT No. 4. 
The same Wire as in last Experiment, Distance of the Props, 81 fed 6 iru^hes. 






•a^ 





lbs 


Fixed. 





do. 


40 


do. 


44 


do. 


50 


do. 


56 


do. 


56 


do. 


61 


do. 


61 


do. 


67 


do. 


71 


do. 


71 






•8 



^ 



lbs. 

41 
47 
47 
47 
53 
53 
59 
68 
68 
76 



•8 



lbs. 

40 
44 
50 
56 
56 
01 
61 
67 
71 
71 



g 
1 



od 






ft. in. 

■ • • 

7| 

84 

9 

9f 

lOj 

104 

10} 

1 
1 

1 04 



§ 






ft in. 











74 

84 
9 

94 



104 

10} 

llj 

1 

1 04 



Rkmarsb. 



Both ends fixed. 



With the last weights suspended a few minutes, the wire broke. 
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EXPERIMENT No. 5. 

\eeof tke Propf^ 100 ftei; diameter, «|UA# of an inch; Weight of 100/eet, 16| 
Veffieallyy the Wire bore 27/ms. a few mifiai/ef, and then brohs. 








8 



id. 






I 




6 

12 
16 

16 



16 





5 

10 

14 

14 



14 



IS 


g 


f 


Id 
1^ 


^ 


Q 


Iba. 


ft in. 





1} 


6 


1 01 


12 


1 lOi 


16 


2 8i 


16 


2 2| 


16 


1 »J 



1^ 

Hi 



ft in. 




3J 



& 



ts 



R£MAftK8. 



1 
2 
8 






8 21 



2 7i 



ft. in. 

1: 
11: 



1 
2 



2 



2 2| 



1 91 



ANOTHEB PIECE OF THE SAME WIRE. 



STook off the weigbt 
A, and tightened 
the wire, 
firoke the wire in 
attempting to 
draw it tighter. 



sd. 











2| 


4 


8} 


1. 


16 


15 


16 


2 4 


3 5 


2 4| 


1. 


22 


19 


22 


2 74 


8 10 


2 8^ 



b attemptiiig to inereaie theee weights to 25, 26, and 27 Ibe., the wire broke 

at a defectiye place. 

EXPERIMENT No. 6. 
t Wire agin the preceding Experiment, Distance of the Propi, 81 feet 6 inchee. 






22 
28 
30 
80 



ja 



r 



lbs. 

80 

80 

80 

85 






22 
28 
80 
80 



§ 



i^ 



ft in. 

lU 

^ ^ 

1 14 



ft. in. 

1 6 

1 64 

1 64 

1 7i 



i 



I 



ft in. 

lOi 

1 Of 
1 1 
1 1 



Rbmarks. 



Broke in attempting to add 4 Ibe. more at D and D. 

EXPERIMENT No. 7. 
ittanee cfthePrcpt, liO feet; IHameter, ^ of an inch; Weight ofliOfeet, 
14 ounces. Broke, vertically, loith 157 lbs. 
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li 


H^ 


1 




g 








I" 


¥ 


1^ 


lis 


at " 


RlMAKKS. 




^ 


► 


^ 


P 


^ 


& 




• 


%s. 


IM. 


fiM. 


ft in. 


ft in. 


ft in. 




9 











14 


11 


1| 







6 


5 


6 


2 8 


8 5X 
6 4| 


2 7i 







12 


10 


12 


rrt 


4 7^ 
7 0} 




D 


15 


20 


15 


10 




2 


15 


20 


15 


6 Z\ 


8 94 


6 44 




2 


81 


25 


21 


8 84 


11 11 


8 7 




D 


21 


25 


21 


7 m 


10 10 


7 




» 


25 


25 


25 


8 8 


10 11 


8 2 


Broke. 
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EXPBBIMBNT No. 8. 
Same Wire at in the last Experimeni, Distance of the Propt^ 31 feet 6 t 



n 


^ 


-8 


H 


a 
|1i 


g 


d 

o 








¥ 


12 


1- 


f 


^ 


^ 


^ 


^ 


& 


5 




lbs. 


lbs. 


lbs. 


f In. 


ft in. 


ft. in. 


Fixed. 











54 


5i 


44 


do. 


6 


6 


6 


^ M 


1 ^i 


1 14 


do. 


12 


10 


12 


1 4} 


1 8 


1 3J 


do. 


16 


15 


16 


1 6i 


1 104 


1 4} 


do. 


20 


20 


20 


1 74 


2 1 


1 61 



Rem^&i 



Broke in attempting to add 2 Ibe. at B, 4 lbs. at G, and 2 lbs. at D. 



EXPERIMENT No. 9. 

Th$ fame Wire cm Icut Experiment^ and the Propt the same dietance 

viz.f SI feet 6 inchet. 



^ 


13 


^ 


-s 




§ 


§ 




Weight 
A. 






1 








RKUAXKi 


tbs. 


lbs. 


Iba. 


lbs. 


ft. in. 


ft. in. 


ft. in. 




120 


20 


80 


20 


2 6 


3 34 


2 24 




120 


25 


80 


20 


2 9} 


3 7 


2 5 




120 


31 


34 


31 


3 5^ 


4 44 


2 114 




120 


84 


34 


34 


3 6^ 


4 54 


3 U 




120 


84 


42 


34 


3 9| 


4 Hi 


3 2i 




120 


84 


50 


34 


4 


5 8i 


3 4 




150 


34 


50 


34 


3 3A 
3 6\ 


4 44 


2 »fb 




160 


84 


55 


34 


4 84 


3 




150 


37 


55 


37 


3 9^ 


5 


3 24 




150 


37 


56 


37 


3 9i 


5 


3 24 




156 


37 


56 


37 


3 9i 


5 


3 24 




160 

1 


39 


57 


39 


3 9j| 


5 0^ 


3 2ft 


Broke in att 
1 toadd6n 



iV6/e. — The above Experiments were made at the Patent Iron Cable Manai 

of Messrs. Brunton & Co. 
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EXPSRIMBNT Ko. 10. 

>/ the Pr^pt, MO fid; DUmOer of Wirt, *<* inch; Weight of 900 fed, 
. 6y ik€ tUd^ard: Weight of IWi feet, Z^Vb%, l\ oik. hy the eeaUt. Mean 
i Strength, film 9 SxperimetUe, 6Z0Ttm. 
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H 


H 


11^ 




1- 


■4» 


r 


Distaaoi 
C from 
groun 


Rkmabkb 


tm. 


^ 


tia. 


ft in. 


' On aooonnt of tbe length of the wire the 
earTature was measored from the 











15 6 


i ground ; which latter waa about 22 feet 
from the horiaontal line, between the 
L props or pointa of raspenaion. 


28 


14 


28 


4 04 




28 


17 


28 


8 4 




28 


19 


28 


8 




28 


20 


28 


3 10 




28 


21 


28 


2 51 




28 


22 


28 


2 4 


( BemoTed the weighta and re-tightened the 
{ wire. 











16 8 




28 





28 


9 1 




28 


U 


28 


4 8 




28 


17 


28 


Broke the wire ; not at a joint 



I Bxpeiiment waa made at Elletmere ; the pointa of anapenaion were, at 
one end a boildingi at the other a tree. 



The nine Experiments from which the mean vertical 
i of 630 lbs. was deducted^ are as follow : 



Iba. 

latbfokewith 616 

2nd „ 616 

«id „ 620 

4th „ 652 

5tli ,, 616 

6tli ,, 687 

7tli „ 616 

8th „ 646 

9th „ 651 



Kean of 9 Bxperimenta 



9)5670 
630 Iba. 



rire broke in these Experiments at joints or unsound places ; 
therefore be considered the minimum of strength. 
mean of twelve other Experiments, on wires of the same 
«, but of different specimens^ was 634 lbs. 
igth per square inch, 36 ton& 
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The following Table shows the strength of the different speci- 
mens reduced to square inches : 







Diameti 


»r. 


Tons. 


Experiment 


1 


A 


StreDgib 


per eqaare incli S5 7 


II 


2 . 


i 




II 420 


II 


8, 4 . 


tb 




II 42*9 


II 


6, 6 


A 




II 88 1 


II 


7,8,9. 


A 




,, 85*8 


II 


10 . 


• ^ 




II 861 



Heaa 88*4 

Considerable discrepance will be observed between the strength 
of the wire in Experiments 3, 4, and 10, which are of the same 
diameter. Perhaps a mean strength of 36 tons for a wire of less 
than, or not exceeding, -j^^th inch in diameter, is all that can be 
depended upon. 

BXPBRIMBKTS 

149. On tlie Momentum which Wires stretched as in the preceding 

Experiments will hear before breaking. 

Experi/ment 1. A piece of wire, which bore vertically 277 lbs., 
was stretched between two props, 140 feet distant from each 
other, till the versed sine, or deflection in the centre, was only 
4f inches. 

A 5 lb weight was then tied to a cord, and the other end fastened 
to the middle of the wire ; the length of the cord between the 
weight and the wire was 10 feet 6 inches. The weight being now 
lifted up to the level of the wire, it was let fall and struck the 
ground, but without injuring the wire. 

Shortened the cord to 7 feet 7 inches, and proceeded as above : 
it did not strike the ground, nor did it injure the wire. 

With the same length of cord, and a 10 Ifo weight instead of the 
5 tt)., proceeding in the same manner : struck the ground, but did 
not break the wire. 

But the same weight, hung by a string 6 feet 7 inches, let fall as 
above, broke the wire at a joint. 

Note. — The distance of the middle of the wire from the ground was 13 feet 6 inchet. 

By the laws of falling bodies, we have for the 

Ist momentum (8 x VIO'5) x 5 « 129 
2nd „ (8 X V7-68) x 6 = 110 

3rd „ (8 X V7-68) x 10 = 220 

4th „ (8 X V6-58) x 10 » 204 

The third momentum is greater than the fourth ; but, as the 
weight strikes the ground, it is not all expended upon the wire.* 

* In the preceding editions the talented author has inadvertentlj attributed the breaking 
with a diminished momentum to an injury of the wire at the third trial. — Ed, M Bditi^m, 
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Experiment 2. Distance of the props, 31 feet 6 inches. Diameter 
ofthewire, -i^i^th inch. Stretched to within -^th of an inch of a 
stndghtline. 

A 10 lb weight was tied to the middle of the wire by a cord 
7 feet 9 inches long : it was lifted up to the level of the wire, as in 
the last Experiment, and then let fall ; but it did not break the wire. 

A 15 lb weight was tied, and let fall in the same manner, without 
breaking the wire. 

A 20 fl> weight was then tried. It did not break the wire. 

A 25 lb weight, being let fall from the same height, broke the 
nit. 

Here our four momenta are. 



Ist momentam 


(8 


X 


^/775) 


X 


10 


= 


222-6 


2iid 


It 


<8 


X 


V7-75) 


X 


15 


s 


333-9 


8rd 


19 


(8 


X 


V7-75) 


X 


20 


= 


445-2 


4ih 


»f 


(8 


X 


V7-75) 


X 


25 


= 


556*5 



Comparing these momenta with the direct vertical strength, we 
have 



lit Tertical ttrcngth • 

2iid ditto for wire of ^th ineH, 



277 lbs. momcotam 220 
680 lbs. ditto 556-5 



-^B 



that is, in the 1st Experiment, the number expressing the momen- 
tam is less by -^th than the vertical strength ; ^nd in the second 
hj |th : but it is probable that in the latter the wire would have 
been broken mth a less weight than 25 tfos. 

160. Comparison of the preceding Expenments on extended 
Wires, with their Strengths computed theoretically. 

In Experiment No. 2, page 197, it appears that a piece of wire, 
whose vertical strength was 531 lbs., being stretched on props 31 '5 
feet apart, and having a weight 
of 120'25 lbs. hung at its middle 
point, had that point deflected 
1 foot lOf inches, and that it 
afterwards broke with the addi- 
tion of 10 Hbs, Let us endeavour 
to compute how much this 10 lbs. 
exceeded what was absolutely ne- # 

cessary to break the wire; or, 

which is the same, let there be given the distance of the props, the 
deflection, and the tension of the wire, to find the weight which, 
suspended from its middle point, will produce the rupture. 

Let A, B, in the preceding figure, represent the two fixed points ; 
C Ey the deflection ; A C B, the wire : then it is obvious that the 
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point C is kept in eqnilibrio by three forces ; vizL, the tendon of 
A Q the equal tension of C B, and the unknown weight, W, fim 
the weight of the wire, tr .• Now, when three forces, acting on a 
material point, preserve that point in eqnilibrio, each of tbe three 
forces is equal and directly opposed to the resultant of the other 
two. If, therefore, C B be produced to meet the vertical A D, D C 
will be the direction of tiie resultant of the two forces, T, and 
(W + w), representing by Tthe tension of AC; and ADC will be 
the triangle of forces which keeps the point C in equilibrio: the side 
A D, then, will denote the vertical force of weighty W + ta ; and by 
the nature of the construction A D = 2 C E : we have, therefore, 

AG:ADor8CB :: T:W + «. 
2CB X T 



orW 



AC 



Now, C B « 1*8958 fcet^ or 2 C B = 8*7916. 
AIM, AGs V(AB*-t-BC>)« 15-86. 
AndbjUiedfttaofBxperimoDtl, 10 » -2915. 

«n. «r 8-7916 X 581 ^^ ,^^ ,, _ 
Wbawe W j^^tt -29 - 126-65 fti. 

This b about 4B)6. less than the weight found by the Experi- 
ment 

We may arrive at the same conclusion on principles a little 
different from tbe above, and somewhat more general ; vizl, since 
the weight W is kept in equilibrio by the tensions of A C and C B ; 
and since this weight, W, plus w, the weight of the wire, is the only 
vertical force in the system, if we denote the tension of the wires 
A C and C B by T and T, and the angles E A C, E B C, by a and 
a\ and resolve these two forces each into its component horizontal 
and vertical force ; we must have the two former equal to ea<^^ 
other, and the sum of the other two equal to the sum of ^^® 
vertical weights, W'\'W; that is, we shall have 

T cos a = r co€ a', 

T «in a + T' wn a' = W + i» ; 

from which equations the two tensions, T and T', may be det^^ 
mined, whatever may be the ratio of the two parts A C, CB ; ^^ 
ill our case, as these are equal, the first equation disappears, ^^ 
the second becomes 

2 T sin a = W + IT , or 

W + w 
T = --. -. 
2 Bin a 



♦ The teniions are those at the poinU A and B, where thej are greatest. To obuf^ 
the actual tension at the point C of the wire^ v most be omitted.—^ 5ih JSdUwn. 
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if T be given, and W required, 



W = 2 T Bin a — V. 



In the experiment above referred to, 

T = 531, un a =r -1195593, and v = *29. 

Whence 

W = 2 X 531 X -1195593 - '29 » 126*65 Ibt., as before. 

In a similar manner might be computed the tensions of the ex- 
eme points, when there are more than one weight, as in the third 
id subsequent Experiments : but it will be, perhaps, more simple 
» b^n here by computing the tensions of the two adjacent sides, 
- D and D E ; which may be effected precisely in the same manner 




« in the preceding case. For it is a principle in mechanics, that 
fa system offerees be in eqoilibrio, no alteration will take place 
Q that state, by supposing any two or more of its points to become 
ixed : we may, therefore, suppose the points C and E fixed, and 
ompute the tension of C D, or D E, exactly as above ; viz., calling 
he angle D C E = a', and the centre weight W, and the tension t, 
^e shall have 

< Bin a' = i W + J w, 

2 sin a' • 

rhete w is the whole weight of the wire : then, having the 

&J»«ion t, the weight W, and the angle D C E, compute the value 

^ the resultant of these two forces, which will obviously be the 

-Jiaion of A C ; that is, if we denote this tension by T, we shall 
ave 

T « V^' + W» + 2«ina'<W}. 

In Experiment 3, W = 74, t(; = 2*5625, and sin a = 06685, 

75-2812 



•1337 



» 563 Ihs. 



And T - >/ [ 563» + 77' + 1337 x 563 x 77 } = 573. 

^U gives the tension too little : let us therefore compute the 
^e from the first deflection ; that is, by resolving T into two 
^^oesy the one horizontal, and the other vertical, and equating the 
^tter with half the sum of the weights, plus half the weight of 
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the wire ; for as the whole system is retained in equilibii 
two extreme tensions, the vertical component of each oug 
equal to half the entu-e vertical force, or half the whole 
This consideration gives 

T rin o = i (W + W + W" + w), 

where a denotes the angle C A c. 
In the 3rd Experiment, 

a = r 82', And sin. a = 1311. 

-_ _ 230-56 «^rt 
Whence T = -- ^^ = 879. 
-2622 

If we now take the mean of our two results, we shall ha 

879 + 578 ^^^- 
= 726 Ibe. 

Whereas the vertical strength, as determined from exp 
was 736 lbs. 

The two dififerent results given by the two methods si 
the system had assumed a form inconsistent with a perfect 
equilibrium, supposing the several lengths, or distances, 1 
&c., to be equal : but it is obvious, that, besides the proba 
equal extensibility of the wire, the point C, as the wire si 
will approach towards A, and recede from the perpendicu 
D being exposed to equal actions on each side, will continu 
same vertical : this will obviously have a tendency to incr 
angle a, and decrease the angle a'; and, consequently, to 
the value of the tension computed according to the former 
and to diminish the same according to the latter, and t 
approximate them towards that medium result we have c 
above, which diflFers only 10 lbs. from what was found exp€ 
ally ; viz., about 1 lb. out of 73 lbs. 

In the 4th Experiment, 

a' = 2« 51', sin a! = '04893, and i w = '39 lb. 

T = V { 7902 + 712 j^ -0979 x 790 x 71 ) = 797 Iba. 
According to the second principle, viz., 

T sin a «= i (W + W' + W" + v), 

wc have 

W + W + W" + w = 218-79, and sin a = '12648 ; 

. , 218-79 ^.,_ 

whence -z--Tzr = 86 J Ids.: 
•25296 

the mean of which is 831 lbs., instead of 736 lbs., which is ii 
by about Jth part. 
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151. It will be observed, however, that these methods are only 

appraximative ; but they are perhaps more intelligible to many 

readers than if we had entered upon the problem with all tho 

generality that belongs to the doctrine of equilibrium of flexible 

bodies : but it may not be amiss to give a sketch of this general 

method, at least as applied to the action of vertical weights upon 

a perfectly flexible line. 

Here we may suppose any number of weights W, w, w\ &c.y 

W; and a corresponding number of distances, L, I, V, V\ &c., IV, 

which may be equal or unequal : the tensions of these lines wo 

may denote by 

T, t, i! t\ &c. r, 

and their several angles, with reference to a horizontal axis A a?, 
passmg through A, by 

a, a, a\ a", &c. a', 

and their angles with reference to the other axis A y, 

b,fi,0f, $% &c. 6'. 
Abo, let n, be the co-ordinate of the point B with reference to 
Ay, and m its co-ordinate as referred to B ^. 

Then if we resolve each of the tensions into its corresponding 
Wizontal and vertical components, we shall have from the theory 
of equilibrium^ 

TcMa-i-tocMa + twmt^ + ko, Teosa'^O, 

And by means of the co-ordinates, 

hwma + IcoBa + t omu* -^ kc. L' cm of = n, 

and by the known property of cosines, 

om' a + oot^ ^ — 1, 
oo»» a' + eos' b' — 1. 

From which six equations the six unknown quantities, viz., T, T', 
006 Of COS &, cos a\ cos b\ may be determined ; after having first 
computed t, f , &a> and cos a, cos a, &c., in functions of T, cos a, 
and W, w, v/, Sec, which may, in all cases, be effected on the 
general principle of the composition of forces ; that is, taking t as 
the resultant of T and W, f as the resultant of t and U', and 
80 on. 

The computations, however, if the number of weights be con- 
siderable, become extremely laborious, and difficult to execute : 
but if, as in the experiment, we limit the weights to three, and 
consider the two extreme ones equal to each other, and the 
points A and B as being situated in the same horizonal line ; 



\ 
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then, as the several tensions and angles from each extreme are 
equal, we may reduce the above equations to three ; in which, 
however, we have still to compute cos a in functions of T, cos a, 
and W ; on which account we prefer, in this case, retaining the 
six equations under the form 

Tcoia = < eoa a, 
Tcos6 » < 008/3 + W, 
2oo8a •!- 2eoia»|«, 

eofi' a + ooa' 6=1, 
co6» a + oo«* /9 = 1. 

From which these several quantities may be determined, in func — ^ 
tions of each other. 

If we denote the less deflection, c C, by d, and the greater, D 
by d + d\ we shall have 

— =oo6i^wid— »008. /9; 

and substituting these in the first four equations, and denoting 
entire weight of the system by 7r,Ve shall have, after reduction, 

T V (^ - <P) = < V (P — d**) 

Td= td' + W 
Td=^ {Iw. 

From which we may determine any one of these quantities 
terms of the others : but it will be observed here, as in our part 
solution, that if we suppose both deflections d and d' as kno 
quantities, there will be a superfluity of data ; viz., we shall ha^ 
more equations than unknown quantities ; and by assuming val 
for both these, we may give such as are inconsistent with the ot 
data., and therefore also inconsistent with a state of perfect equ 

brium : it is proper, therefore, in the solution of these equations,^ ^^ 

include one of these quantities with the data, and one with 
quceaiti of the problem : in which case a rational solution will 
obtained. 

We shall not attempt the numerical solution of these equatio 
but the reader who is desirous of doing so will find no ot 
difficulty than what belongs to the algebraical operations: 
shall content ourselves with the approximative numbers as a 
determined, considering it useless to expect a nearer approxi 
tion between theory (which is founded on a supposition of a ^ 
feet imiformity of matter, and the most accurate mode of acti<^ ^^/ 




<2S 
^21' 




and experiments, in which every kind of irregularity with rega-^^ 
to the composition of the material, and all the errors of fixi", 
observing, &c., are presented : indeed the agreement between tJr 
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D deduciionB may be considered a confirmation of the correctness 
the theory, and of the accuracy with which the experiments 
re performed ; and on the basis of the two combined every con- 
ence may be placed, as to computation, relative to works which 
m their magnitude bid defiance to any experiment, except that 
their actual construction. 

'Zculation of the Strength of a Suspension Bridge, on the sup- 
position of its forming a perfect Catenary Curve. 

162. The foregoing experiments and computations, although 
ey would probably have constituted the only data on which 
r. Telford would have proceeded in his proposed construction of 
e Runcorn Bridge, yet they can only be considered as roughly 
proximate to the real case. And it must perhaps be admitted, 
at by assuming the bars to form a perfect catenary, we still only 
proximate. The approximation is, however, much more close in 
is case than in the former, and sufficiently so for all practical 
irposes. 

The properties of the catenary are investigated in most treatises 
mechanics ; we shall not, therefore, retrace steps which have 
en so often taken ; but merely bring under one point of view 
ese several relations ; referring such of our readers as may be 
fliitms of actual investigations to the several works in which they 
ay be found, particularly to Poisson, " Traits de M&amique,*' 
bence the following have been selected : 

Lii / denote the length of the catenary ; 
f the diatanee of ita pointa of sospenaion ; 
e the angle between the tangent at the point of snapenaion, and the aboTe 

iKniiontal line of diatanoe ; 
A the tcnaion of the chain at the lame point ; 
T the tanaioo at any other point ; 
X any Taiiable abadw ; 
f the eorreaponding ordinate ; 
• the eoReapooding are ; 

\ the weight of an inch, or a foot, &e., of the chun x^y, h ^> l>Mng taken in 
the nme unit of meaanre. 

n^is notation being established, the following are the principal 
*perties of this curve ; viz., 

. P eoa tf , , coac 

1.-7-= -7—7 hyp log 



I sine 1— eino 

. A iin e , , . hi 

2. — 7 — = 4 ^ <w ^ = -7-: — • 
h ' 2 mn e 

8. T-» y/\h?^2kKi.me^ K^ ^\. 
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Which at the lowest point becomes 

T = Aoosc 
^,, Anne «,• Aoose. . ooie 

4. w= _^^, «d 4 r = -^ kjp log "Yzr^irr 

h { A (1 — sin c) ' 

or ^ . 

Where ^ is the ordinate to the middle or lowest point of the 
curve : 

7 , = ^Ji?J H . |(A-Ay>«-A'co8«c| 

These formulsB are not all necessary for the solution of our 
problem, but are given as embracing the principal properties of 
this curve. 

163. Let us now suppose a bar of iron, which we must considet 
as flexible, to be fixed to two points of suspension, 1000 fe^^ 
distant, the lowest point of the curve being -^^^^ ^^ *^® whol^ 
distance, or 50 feet ; and let it be required to find the length o^ 
the bar and its action on the points of suspension, the weight h o0 
one foot of it being given. In the present question, assuming the ^ 
specific gravity of iron 7788, and the diameter of the bar V IS 
incbcs, wo find ^ = 48 lbs. ; also I' = 1000 feet ; whence, by 
formula 6, 

, A (1 - cos c) 
!/ = 1 , or 

A (1 - cos c) = y' A = 48 x 60 = 2400. 

And formula 4 gives 

. , A co6g . - COS. e -^^ 

J J = -^^ h„ log -y— _^ =600. 

2400 cos c , - cos c .^^ 

hyp log -; : = 600. 



48 (1 — cos c) 1 — sine 

. cos c . , cos c 

Whence 7r-7- : hyp log : = 1 ; 

10 (1 — cos c) 1 — sin c 

which, by approximation, gives angle c = 11° 15', nearly. 
And hence, by formula 1, we find 

I = 1008 feet = length of the catenary. 

Again, by formula 2, 

kl 1008 X 48 ,n,nAr «. 

A = -r— . — = — .,Q^,Q = 124005 lbs., or 
2 sin c '39018 

about 55 tons, the tension at the point of support. 
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In a similar way^ the tension and length being given, the depth 
F the ctirve may be computed 

It is not necessary, however, to have recourse to this mode of 
sdculation, Mr. Davies Gilbert having in an extremely ingenious 
aper, in the Phil. Trans, for 1826, supplied two Tables, by means 
f which every circumstance connected with these kinds of calcu la- 
ion becomes merely a matter of tabular inspection, as explained 
a the following article. 

^ahUafoT computing all the circwmstances of Strain, Strength, 
Jkc of Suspension Bridges. By Davies Gilbert, Esq., F.M.S. 
{Philosophical Transaxitions foi' 1826.) 

164;. It may be proper to premise that in our preceding experi- 
nents we have seen that the mean ultimate strength of malleable 
ion is 25 tons per square inch, which is equal in weight to a bar 
if the same dimensions whose length is 16,500 feet, which is some- 
times called the modulus of the strength of iron, and is constant 
br bars of all dimensions. In like manner the strain or tension 
(m a bar may be expressed by the number of feet in length of a 
bar of the same dimension. 

In the following Table I., Mr. Gilbert uses the same method, but 
ihe unit, instead of being a foot, is y^th of the half distance of 
the points of support, or of the ordinate of the semi-catenary ; and 
the values of x, z, a and T, have also for their unit yiiyth of the 




A 
sune length, x being the greatest depth of the curve, and z the 
^gth of the semi-catenary, a the modulus of tension at the 
West point of the curve, and T the tension at the point of sup- 
port In Table IL the unit is T^th of the modulus of tension a 
Cui/eeQ at the lowest point of the curve, and x, y, z and T, have 
^ the same unit ; x and z in this Table being the length of each 
•hficisB with its corresponding arc, for every unit of y, reckoning 
from the lowest point of the curve. 

Suppose, for example, the span of a proposed bridge were 800 
feet, and its greatest deflection 50 feet. Here the unit or tott*'^ ^^ 
^ half span is 4, and consequently the value of x in the Table is 
12'S. How, opposite 12*565^ (which is the nearest tabular number,) 

F 8 
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we have the tension T at the point of support, 412*56, and this, : 
the unit is 4 feet, is equal to 1650*24 feet of a bar of the san 
section, whence the tension in Ybs. or tons becomes known. \^ 
find also a, the tension, at the lowest point 400, whence 

400 X 4 » 1600, the tennon in feet 

Since the tension is thus found to be 1600, the hundredth pa 
of this is 1 6, which is therefore the unit of Table II, and tl 
several values of x and z, multiplied by 16, will be their con 
spending values in feet for each imit of y. Thus the maximu 
and minimum tension of the bar, and the lengths of the sever 
suspending bars, are determined, or rather perhaps their differen( 
of length ; for their absolute length will of course depend upc 
the depth of the platform below the lowest point of the curve, 
has been seen that in the case here assumed the greatest tensi 
is 1650 feet ; whereas the ultimate strength is 16,500 feet ; t. 
bar is therefore stretched with only tV^'^ ^^ strain that would destn 
it ; and supposing the weight of the suspending bars, roadway, S 
to be |rds of the weight of the bar, the strain would still be oa 
2750, or Jth of the full power of the iron, that is, about 4i tons g 
inch, whereas we have seen that iron will bear 9 or 10 tons per irz 
without destroying its elasticity or power of restoration. 

In the Menai Bridge the span is about 580 feet, and the um 
therefore, of our first Table 290 ; the greatest deflection is 43 fe 

therefore xtq' = 1^*^ =^* nearly, whence T = 354'8, which, mii. 

plied by 29, gives for the modulus of maximum tension 102 
feet from the weight of the bars alone. This weight, accordin 
Mr. Provisos statement, is 394 tons, and the whole weight, 
eluding platform, &c., 643 tons : hence 394 : 643 : : 1028*9 : 
the whole strain. 

The strength therefore here is nearly 10 times greater than 
strain, independently of a passing load. Again, the tabular y^* 
of a = 340, and 340 X_2-9 = 986 ; then, 394 : 643 : : 986 : 1^ 
value of a, Table II. 

Therefore, to find now the several abscisses or the length or 
suspending bai*s for every division or hundredth part of 
ordinate y, since the whole value of a is 1610, our unit C 
hundredth of this) is 161 ; we have therefore only to multiply" 
several numbera in the column x by 161 for the lengths require 

For more on the subject the reader is referred to an exceU^ 
Memoir on Suspension Bridges, by Mr. Eaton Hodgkinson, vol 
of the Manchester Memoirs. See also, Drewryon Suspension Bridge 
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4-765 


100-1 


1064 


84 33 


1000 


G-D04 


100-1 


1005 


84 16 


980 


6-lOB 


100-1 


986-1 


84 9 


e«o 


6-213 


100-1 


985-2 


84 3 


9t0 


6-334 


1001 


946-3 


S3 64 


KO 


6-440 


100-1 


826-4 


83 47 


WO 


6-681 


100-2 


BOB -6 


83 38 


880 


6-687 


100-2 


8B6-a 


83 30 


860 


6-820 


100-2 


80S-8 


83 21 


840 


6 059 


100-2 


845-9 


83 11 


820 


0-105 


100 2 


828-1 


83 1 


800 


fl-253 


100-2 


806-2 


82 61 


780 


6-418 


100-2 


786-4 


82 40 


700 


6-688 


100-2 


7afl-5 


S3 28 


710 


e-76T 


100-3 


748-7 


82 16 


7S0 


6-955 


100-3 


726-9 


83 4 


700 


7-154 


100-3 


707-1 


81 GO 


880 


7-368 


1003 


687-3 


SI 86 


HO 


7-590 


100-3 


eer-s 


81 21 


HO 


7-828 


100-4 


617-8 


81 G 




8-081 


100-4 


628-0 


SO 47 




8 352 


100-4 


608-3 


SO 2B 




8-642 


100-4 


688-6 


SO 10 




8-952 


100-6 


668 -B 


79 49 




9-283 


100-6 


eiB'2 


79 37 




e-646 


100-6 


629 6 


79 2 




10-03 


100 8 


610-0 


78 86 




10-45 


100-7 


490-4 


78 8 




lo-gi 


100-7 


470 B 


77 38 




11-41 


100-8 


451-4 


77 fi 




11-96 


100-9 


431 -B 


78 29 




13 -SB 


101-0 


4i2-5 


76 49 




18-33 


101 1 


393-2 


76 6 




18-97 


101-2 


373-9 


74 17 
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TABLB L-^eoiUinued). 



a 


X 


t 


T 


ANGLE. 


840 


14-81 


101-4 


854*8 


73 32 


320 


15-75 


101-6 


835 -7 


72 22 


800 


16-82 


101-8 


816-8 


71 14 


280 


18-04 


102-1 


298 


69 57 


260 


19-46 


102-4 


279-4 


68 29 


240 


21 12 


102-8 


261-1 


66 47 


220 


23 11 


103-4 


2431 


64 48 


200 


25-52 


104-2 


225-5 


62 28 


180 


28-55 


105-8 


208-6 


59 39 


160 


82-28 


106-6 


192-2 


56 19 


140 


87-25 


108-7 


177-2 


52 10 


120 


4413 


111-9 


164-1 


46 58 


100 


54-80 


117-6 


154-3 


40 28 


95 


57-67 


119-6 


152-6 


38 28 


90 


61-51 


121-8 


151-5 


36 26 


85 


65-85 


124-6 


150-8 


34 17 


80 


71-07 


128-1 


151-0 


31 58 


75 


7714 


132-8 


152-1 


29 32 


70 


84-43 


137-6 


164-4 


26 57 



TABLE IL 
Table for ike ComputcUion qf Sutpention Bridge$. 



y 


X 


s 


T 


ANGLE. 


1 


•0049 


1^000 


100^0 


8*9 25 


2 


-0200 


2 000 


100-0 


88 51 


3 


-0450 


8 000 


100 


83 16 


4 


-0800 


4-000 


1000 


87 42 


5 


•1250 


6-002 


100-1 


87 8 


6 


-1800 


6 003 


100-1 


86 33 


7 


-2450 


7-005 


100-2 


85 59 


8 


•3201 


8 008 


100-3 


85 25 


9 


•4052 


9 012 


100-4 


84 61 


10 


•6004 


10 01 


100^5 


84 16 


11 


•6056 


11-02 


100-6 


83 42 


12 


-7208 


12-02 


100-7 


83 8 


13 


-8461 


13-03 


100-8 


82 34 


14 


•9815 


14-04 


100-9 


82 


15 


1-127 


15 06 


101-1 


81 26 


16 


1-282 


16-06 


101-2 


80 62 


17 


1-448 


17-08 


101-4 


80 18 


18 


1-624 


18-09 


101-6 


79 44 


19 


1-810 


19-11 


101-8 


79 10 


20 


2-006 


20-18 


102 


78 36 


21 


2-213 


21-16 


102-2 


78 3 


22 


2-429 


2217 


102-4 


77 29 


23 


2-666 


23-20 


102-6 


76 56 


24 


2-893 


24-23 


10-2 -8 


76 22 


25 


3141 


25-26 


103-1 


76 49 



SUSPENSION BBIDGES. 



. 


■ 




T 


™^ 


n 


3-SM 


24 -29 


lOS-8 


7'5 16 


n 


B-687 


37-81 


108-6 


74 43 


u 


I-941I 


28 86 


103B 


74 B 




4-234 


29-40 


104-2 


73 86 


M 


tS3t 


30 '4S 


104-6 


73 3 


» 


4-8*3 


31-49 


104-8 


72 30 


n 


ElM 


8284 


105-1 


71 58 


a 


6-491 


33-80 


105-4 


71 26 


u 


S-S8S 


34 65 


105-8 


70 63 


u 


6187 


8S-n 


loa-i 


70 20 


H 


<-6SD 


86-78 


108 -5 


69 48 


tt 


8-938 


37-84 


ma 9 


69 16 


U 


7-307 


83-92 


107-3 


68 44 


» 


7701 


39-99 


107-7 


88 12 


u 


8107 


41 07 


108-1 


67 40 


11 


8-52> 


42-15 


103-5 


87 8 


a 


8'9fi0 


43 24 


108-9 


88 36 


a 


9-3S8 


44 83 


109-3 


68 6 


u 


9 837 


45-43 


109-8 


6S 33 


11 


10 » 


46 SS 


1102 


65 3 


M 


10 76 


47-88 


110-7 


84 31 


« 


n-24 


43-74 


111-2 


84 


tl 


11-74 


49-86 




63 29 


4* 


12-24 


50-98 


ll-i-3 


62 69 


U 


1276 


62-10 


112-7 


62 23 


11 


13-28 


63-23 


113-2 


61 68 


n 


13-82 


6437 


113-8 


81 27 


n 


14-87 


B6-61 


114-3 


60 67 


11 


14-98 


56-86 


114-9 


60 27 


H 


IG-Sl 


. 57-81 


115-5 


69 67 


« 


IS-OB 


58-97 


118-0 


50 28 


« 


16 68 


80-13 


lIS-6 


58 68 


ft 


17-2S 


61-30 


117-2 


58 29 


» 


17-91 


62-48 


117-8 


68 


(t 


18-S* 


63-66 


iia-s 


57 31 


n 


1918 


64-85 


119-1 


57 2 


n 


19-84 


68-04 


119-8 


66 33 


n 


SO-61 


67-26 


120-6 


£8 4 


« 


8118 


83-45 


121-1 


65 36 


u 


21-87 


89-67 


121-8 


55 7 


« 


22-S8 


70-89 


122 '6 


64 39 


«T 


23-29 


72-12 


123 2 


61 n 


« 


24 02 


73-38 


1240 


63 44 


W 


S4-7S 


74-60 


124-7 


63 16 


10 


26-Bl 


76-85 


126-5 


62 48 


Jl 


M-ae 


77 n 


126-2 


62 21 


7! 


27-05 


78-38 


127-0 


61 54 


78 


27-84 


79-66 


127-8 


61 27 


74 


28 -6S 


80-94 


128 -8 


61 


75 


89-4S 


82-23 


120-4 


60 34 


7(1 


30-29 


83-53 


130-2 


60 7 


n 


8118 


84-83 


181-1 


49 41 


7B 


81-99 


86-16 


131-9 


49 IS 


79 


82-88 


87-47 


132-8 


43 49 


M 


•8-74 


83 '81 


133-7 


48 28 


81 


34-83 


90-16 


1S4-8 


47 67 
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TABLB IL^ieotUHmed), 



y 


X 


t 


T 


▲KGUL 


82 


85*54 


91-50 


135*5 


o / 

47 32 


83 


86-46 


92-86 


136-4 


47 7 


84 


87-40 


94*28 


137*4 


46 42 


85 


88*35 


95-61 


138-3 


46 17 


86 


89-31 


96-99 


139*8 


45 52 


87 


40-29 


98*39 


140*2 


45 27 


88 


41-28 


99*80 


141*2 


45 3 


89 


42-28 


101-2 


142*2 


44 89 


90 


43-30 


102-6 


143-3 


44 15 


91 


44 34 


lOA'O 


144-3 


43 51 


92 


45-39 


105-5 


145*3 


43 27 


93 


46-43 


106*9 


146*4 


43 4 


94 


47-63 


108-4 


147-5 


42 40 


95 


48-62 


109*9 


148*6 


42 17 


96 


49-72 


111-4 


149-7 


41 54 


97 


50*85 


112*9 


150*8 


41 31 1 


98 


51*98 


114*4 


161*9 


41 8 




99 


53-14 


115*9 


153*1 


40 46 




100 


54*80 


. 117*5 


154*3 


40 23 





On the Mechanical Properties of Specimens of the Iror^ 
and Steel Plates which had been subjected to experimef^^ 
with Ordnance at Shoehuryness. By W. Fairbairn, Esq- 



166, In the month of July, 1861, four boxes of specimens of i 
and steel plates were received at Manchester from Woolwich Arseo-^-** 
They had been cut from the plates upon which experiments wi"^^ 
rifled ordnance had been made at Shoehuryness, and were letted 
to correspond with those plates, viz. : — 

A. Six specimens ; iron manufactured by the Lowmoor Compa* 

B. Seven specimens ; iron from the Thames Company. 

C. Seven specimens ; homogeneous metal from Messrs. Hov^ 
and Shortridge. 

D. Seven specimens ; rolled iron from Messra. Beale & Co. 
These were subjected to a series of tests calculated to deternj-* 

their specific gravity, their resistance to tension and com 
and the statical punching pressure. 

Specific Gravity. — Specimens were prepared in the iorvcx 
cylinders 1 inch long by | inch diameter, and after careful cleansi*^^ 
from grease, were very carefully weighed in air and water. Tb ^1 
were all suspended by the same hair in the same water, and un^ *^ 



U 



n. 



of 



* TraDsactions and Report of the Special Committee on Iron, between Jan. 21st^ 1 S^^ ' 
and March, 18(52. 
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me oonditions. The temperature varied from 63° to 69^ but 
suits have been corrected to 60° Fahr. Hence the results 
e considered accurate to the third place of decimals. 



TABLE I. 
ofBpee^fc OravUiu ofPlatnfnm \\io% inehei thick. 



OMM of Flatus 


Spedflc Qraviiy. 


Means of 
PUteflof 
theaame 
thickneas. 


fntndMs. 


▲ p]at»3. 


BplAtea. 


C plates. 


D plates. 


I' 

8 


7-7848 
7-8225 
7-7947 
7-8810 


7-6894 
7-6968 
7-7-228 
7-7051 


7-8888 
7-9130 
7-9101 
7-9049 


7-6253 
7-6414 
7 6364 
7-6255 


7-7471 
7-7684 
7-7660 
7-7666 


■ . 


7-8083 


7-7035 


7-9042 . 


7-6322 





bhe A plates the extreme variation of density amounts to 

there being on the whole an increase of density as the plates 

e thicker. 

he B plates the density increases to a thickness of 2| inches, 

leas in the 3-inch plates. 

he C plates the maximum density is reached at 2 inches 

ess, the extreme variation being 0'024. 

ihe D plates of rolled iron, the maximum density is attained 

iches, the extreme difference being 0016. 

h the exception of the 3-inch A plates, these results show a 

f increasing up to 2 or 2} inches, and thence diminishing. 

plates of different manufacture, the steel plates of the C 

are densest ; next to them, the A plates from Lowmoor ; 

he B plates ; and lastly, the rolled D plates. 

, TenHle Strength, — The plates of less than one inch thick- 

ere cut to the form shown in fig. 1, Plate IX., for* the purpose 

rtaining theii* tenacity. The area left for tearing asimder in 

ddle was of approximately half an inch in section. It was 

ant to measure with accuracy the elongations under strain. 

lis purpose two pieces of brass, a, b, figs. 2 and 3, Plate IX., 

ixed on each side of the centre of the part prepared for 

I asunder, by the clamps c, d. On the side next the plate, 

jneces of iron were bevelled away, so as not to touch the 

> of the plate within a distance of 1*25 inches on each side 

centre of the plate. 

jdeces a, b, were adjusted carefully to touch one another at 
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beginning of the ezperimenty and they indicated by th 
kration as the experiment progressed, tiiB elongation of 2 
les of the plat^. The elongation was measured by w< 
iges, one of which was graduated to -^^ih. of an inch, and th< 
Lcr to rhs^^ ^^ ^^ ^^^^' Hence, since the elongation was measureo 
a length of 2| inches, the-rinnrtb ^^ ^^ ^^^ could be easily 
>preciated. The readings in the following Tables are accurate^-, 
at least the third place of decimals. 

The ultimate elongation was obtained by marking with 
>asses an arc upon the plate of 2^ inches radius. After the 
^ure the broken pieces were fitted together again, and a second 
)ti*uck from the same centra The distance between these gi 
[the ultimate elongation of the bar. 

The weights were increased very r^ularly, the strain beLzz^ 
augmented by small increments till the point of fracture 
reached. 

TABLB IL 

SumfMUTf of ExperimentM giving mean tenxHe &rengiK qf each teriet of Plaitt, or 

tlatictU Bttaking Strain, 



2.\ 

•he 

% 
te 



Approximate thlckneaa 
of plates in Inchea. 


Tensile breaking weight per square Inch of sectioii. 


Mean of 
plates of Ite 


A plates. 


B plates. 


Oidates. 


DpUtM. 


thiokiMSS. 


j tons. 
Quarter . . . ■ 24 344 
Half .... 25-750 
Three-quarters . 


tons. 
24167 
23-220 
29-432 


tons. 
80-703 
33-694 
30 918 


17-470 
11 055 
26-478 


tons. 
24 171 
23-430 


One and half . 
Two ... 
Two and half . 
Three . . . . 


24158 
25-348 
24110 
25 039 


22-299 
28-657 
23-921 
23-640 


26197 
27 038 
27 -506 
27-386 


25-158 
24 634 
22-732 
24*169 


24*453 
25 169 
24-569 
25-031 


Mean of thin plates . 

• 

Mean of thick plates . 


25 047 


26-606 


31-770 


18-888 


24-644 


23-854 


27 032 


24-171 


Mean of all of one/ 04.700 
make . .1 

1 


24-319 


29 063 


21 -669 

• 






The order of merit in the thinner plates is, (1) C ; (2) B ; (3) A ; 
and (4) D. With thicker plates it is, (1) C ; (2) A ; (3) D ; (4) 
B. The mean of the whole gives (1) C ; (2) A ; (3) B ; (4) D. 

The homogeneous metal plates exhibit throughout the highest 
tenacity, but the tenacity decreases as the plates are made thicker. 
Of the iron plates, those marked A are most uniform in strength, 
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Deniritj 


Tenacity. 


7-7471 


24-453 


7-7684 


25-169 


7-7660 


24-569 


7-7666 


25-031 



(be extreme difference being 1*64 tons. The B plates vary to the 
eiteDt of 7133 tons : and the D plates 14*103 tons. But the 
qnaiter and half-inch plates of the latter series would appear to 
bife been burnt or injured in the manufacture. 

Taking the means given in the last column, we see that in the 
sveFBge there is no great difference between the thicker and the 
ttioner platea The extreme variation in these means is 1'74 tons. 
If we compare these means with the corresponding mean densities 
in Table I, there is a curious correspondence ; thus — 

liinehFUtet 
2 inehPUtei 
24 inch Plates 
8 inch Plate! 

Here the density and tenacity increase and diminish together. 
The same correspondence will be found, generally speaking, in 
each individual case on comparing the two Tables ; but there arc 
exceptions in the case of the D plates. Taking into account the 
&ct that the specimen employed in obtaining the specific gravity 
was cut at a distance of about 10 inches from the part broken 
bj tension, the coincidence is sufficiently striking. The com- 
parison also holds good if we take the means of plates of the same 
iDanafiacture, with one exception. 

Denulty. Tenacity. 

A PUtei 7-8083 ... 24r,44 

B Plate! 7-7035 ... 23*354 

C Plate! 7-9042 ... 27032 

B Plates 7-6322 ... 24171 

TABLE ni. 
SumfiMrp giving the ultimate Elongation per unit of Length. 



^nzlinate thickxMai 


1 Ultimate elongatioi 


i per unit of lenKth. 


Mean of 

platcH (if the 

Maine 

thick uoM. 


ofplatflii 

r 


A plates. 


Bplatos. 


C plates. 


D plates. 


:jJMh. . . . 
:lbA . . . 


•0620 
•0760 

• • ■ 


•0300 
•0400 
•1000 


•2560 
•1000 
•2080 


•0080 
-0111 
•0400 


0-0800 

0-orir,8 

0-1160 


Jtbeh . . . 

jj.iidKs. ' . ' ; 


•1763 
■8050 
•2880 
•8200 


•1462 
•2525 
•3200 
•2650 


•1925 
•3450 
•2950 
•2575 


•1925 
•1788 
•1600 
•2333 


0-1769 
2703 
0-2658 
0-2689 


Wcf thinner plates 


•0690 j ^0566 -1880 


•0197 

1 


W of thicker plates 


•2723 


•2459 -2725 ^1913 j 


^ of iQ the plates 


•2046 ^1650 1 -2363 


•1176 



\ 
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In this Table the order in which the different series of plat--^A 
stand with reference to ultimate elongation neai'ly coincides wi "^ 
the order in which they stand in reference to tenacity, if t — .\i^ 
means of plates of the same manufacture are compared. B 
on the other hand, if we compare the means of plates of 
same thickness, we find that on thjB whole the ultimate elon 
tion increases as the plates become thicker, whilst no law of 
kind could be perceived in the mean tenacities. 

Mr. Mallett has introduced a new co-efficient of strength of 
considerable importance in these inquiries, namely, the djmar^zjyc 
resistance to rupture, or foot pounds of work done in rupturing "tie 
material.* This may be estimated with sufficient accuracy i/ 
multiplying the breaking weight in pounds by half the vlthnat^^ 
elongation. 

TA6LB IV. 

Mr. MaZUtVi eo^fident^ or work done in causing Rupiurt, corretponding %nth RetistaMt 

to Impact, 



Approximate tbicluiess 
of platea. 


Foot pounds of work eauBing rupture. 


I 
Moan of 
plates of the 

same 
thiclm^M 


A plates. 


B plates. 


Opiates. 


D plates. 


i inch 

\ inch . . . . 

1 inch . • 


1690-5 
2191-8 

• • • 


812-0 
1040-2 
3296-5 


8802-7 
3773-7 
7201-5 


156-5 

187-4 

1186-0 


2865-4 
1785-8 
8895-0 


14 inch 

2 inches . . . 
24 inches . 

3 inches . . . 


4767-5 
8659 
7776-8 
8973-7 


36f,l -8 
6690-2 
8573-4 
6987-0 


5648-0 

10448 

9087-2 

7878-0 


5424-0 
4933-1 
4073-7 
6312-7 


4872-7 
7682-6 
7377-7 

7787-8 


Mean of thinner plates 


1941-1 


1716-2 


6592-6 


493-3 




Mean uf thicker plates 


7544-2 


6475-5 


8265-3 


5185-9 




Mean of plates of same ( 
make. 

1 


5676-6 


4435-8 


8806-5 


3174-8 

1 


r 

1 



It will be noticed that the numbers given in the case of the 
thinner plates are very variable, in consequence of the great 
fluctuations in the value of the ultimate elongation in those 
plates. Tliis irregularity would have beoD eliminated if several 
specimens of each had been tried ; or, still better, if the specimens 
had been so long that the elongation of a much greater extent of 
metal could have been ascertained. The results obtained in the 

• The term "foot pounds" is employed as the most oonyenient dynamical unit, and 
means a pressure of one pound raised one foot 
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case of the thicker plates, with precisely similar round bars^ are 
more uniform. 

Bearing this in mind, the Table exhibits several remarkable 
results. First, taking the means of plates of the same thickness, 
it appears that the dynamic resistance increases as the plate 
increases in thickness ; in fact, the thick plates exhibit 2^ times 
'the resistance of the thinner ones. The only exception to this 
general law is the ^ inch homogeneous metal plate, which was 
extremely ductila 

Then, in the next place, it is to be observed that the dynamic 
iresistance increases with the thickness of the plates in a higher 
ratio in the iron plates than in the homogeneous metal plates ; 
thug: — 





Thinner platcfl. 


Thickor platos. 


Ratio. 


A Plates } 

B Plates >Iro]i ... 

D Plates ) 

C Plates, Steel 


footpounds. 

1941-1 

1716-2 

493-3 

6592-6 


foot poundB. 
7544-2 
6475-5 
5185-9 
8265-3 


Ito 3-89 
1 to 3-77 
1 to 10-52 
Ito 1-25 



The result of this is, that the superiority of the homogeneous 
inetal to iron is very striking in the thin plates, but becomes less 
^d less as the plates increase in thickness. Thus, taking the best 
rf the iron plates, namely series A, for comparison, we have the 
'WlowiDg ratios between the iron and steel : — 



Thicksom In inches. 



A plates. 



C plates. 



Ratio of dynamic 
resistance. 



1 

2 
8 



foot pounds. 


footpounds. 


1690-5 


8802-7 


2191-8 


3773-7 


• • • 


7201-5 


4767-5 


5648 


8659-0 


10448-0 


7776-8 


9087-2 


8973-7 


7878-0 



1 to 5-21 
Ito 1-72 

1 to*i-19 
1 to 1-20 
1 toll7 
1 to 0-88 



Iti this Table we see that the ratio decreases with great regularity 
fto^ 1 : 621 to 1 : 0*88 ; that is, the work done in rupture is with 
J-indi plates five times as great with homogeneous metal as 
irithiron; but the superiority decreases, and with 3-inch plates 
tl>6 resistance of the iron is 12 per cent, greater than that of 
the homogeneous metal This result precisely corresponds with the 
results obtained in the trials with ordnance. Thus, if we take the 
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mean between the thinnest plate which resisted the shot of 
given weight, and the thickest which was penetmted by it^ as 
maximum thickness of penetration with that projectile, we h 
from the experiments at Shoeburyness the following results : — 



,he 



Rifled Gon. 


Wdflrht of 

projectile 

inlba. 


Least tUcknon which 

would resist the shot 

in inches. 


Ratio of 
resistance of 

pUtesoT 
equal thick- 
ness. 


A plates. 


Opiates. 


Wall-piece 

Armstrong 

|y ••• ••• 

yy ••• m • • 


0-844 
6-25 
11-56 
24-81 


0-87 
1-26 
1-75 
2^5 


62 
1-15 
1-75 
2-50 


1 : 1-97 
1 : 118 
1 : 100 
1 : 0-81 



The results in this Table are only roughly approximate ; l>'ut 
they show a decreasing resistance in the C plates when compajr^sd 
with the A platea 

Of the iron plates of different manufactures, the A seri^ 
throughout manifests the gi'eatest amount of dynamic resistati^^^e. 
Next to it the hammered plates of series B, and lastly, the roll-^ 
plates of series D. 

Taking the thicker plates which give the most accurate resul ts, 
and employing the iron plates of series A as a standard of co xii- 
parison, we have the following ratios of dynamic resistance : — 

A Plates 1000 

B Plates 868 

D Plates ... 688 

the C Plates (homogeneous metal) 1095 

With regard to the ultimate elongations given in Table III., *.lie 
following additional observations may be made. Comparing ^-^^ 
elongations of plates of the same make, we find the steel gi^'i^o 
the greatest elongation, namely, 0*2725 per unit of length ira *^® 
thicker plates. But the A plates of iron are almost identi^» 
namely, ()'2723. Next, the B plates give 02459, and lastly ^^^^ 
much lower, the D plates give 01913. In the steel plates '^^^ 
maximum elongation is given by the 2-inch plates ; in series -A- |^y 
the 3-inch plates ; in series B by the 2J-inch plates ; and in s^^*-^^^ 
D by the 3-inch plates. 

The relative amount of ultimate elongation in the thi^^ ^^ 
plates, taking the Lowmoor plates of series A as a standard, is • 

A Plates) (1-000 

B Plates > Iron ^0 902 

D Plates) (0-702 

C Plates, Steel 1000 
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these researches it will be observed that, assuming the 
it of elongation to be the measure of ductility, the A plates 
[iowmoor, and the C, steel plates, are in the average identi- 
he same as r^ards softness of the material. But in the 
plates, the iron is very superior to the steeL 

Beaietcmce to Compression. 

, To ascertain the resistance to crushing, cylinders were 
ed f of an inch in diameter and one inch in height. These 
»laoed between parallel steel crushing surfaces, and subjected 
ssure gradually increased to over 40 tons, or 90*9 tons per 

inch of the original arecL 

the specimens gradually squeezed down to about one-half 
>riginal height, increasing at the same time in diameter ; 
» pressure was reached at which the resisting power of the 
al was entirely destroyed. 

reason of this was, no doubt, that the increase of area sup- 
f the pressure increased pari passu with the augmenta- 
- the pressure itself. 

specimens were all much distorted, and in some cases 
r cracked. 

TABLE V. 
ofJUnUs on the Compresnve Henstanee of Wrought Iron and SteeL 



ex- 



Mark of 



Approziinate 

thickness of 

plate. 



Ultimate preeeure per 
square inch 



of original 
area. 



of increased 
area. 



Ultimate 

compression 

per unit of 

leng^ 



Ultimate 
permanent 
set per unit 

of Mngth. 



B 



inches. 

n 

2 
8 



H 

2 

3 



tons. 

90-967 
90-967 
90-967 
90-967 



90-967 
90-967 
90-967 
90-967 



2 

2i 



H 
2 

2i 
3 



90-967 
90 967 
90-967 
90-967 

90-967 
90-967 
90-967 
74-667 



tons. 

57-286 
63-487 
52-946 
65-741 



•509 
-513 
•530 
•516 



51-366 
53-268 
64-596 
50-344 



54-372 
54-937 
67 -895 
55-511 



52-659 
53-217 
50-154 
49-820 



•537 
•615 
•612 
-539 



'499 
-506 
•492 
•603 



•509 
•539 
•534 
•498 



•509 
•618 
•530 
•611 



•529 
•510 
•606 
•533 



'499 
•601 
•485 
•490 



•503 
-532 
•522 
•475 
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The mean ultimate permanent sets were in the several series 


plates as follows : — 




A Plates 
B PUtes 
C Plates 
D Plates 


Vesn set Batlo. 
0-6168 ... 1-000 
0-6196 ... 1007 
0-4988 ... 0-967 
0-6080 ... 0-984 



The differences here are very small, showing, so far as they go, 
that the A and B series were softest, and that the C series 
exhibited the greatest resistance. 

JResistance to Punching. 

168, It was thought desirable to ascertain the statical punching 
pressure both with flat-ended and round-ended shot. 

For this purpose punches were prepared to fit into the end o1 
the plunger employed in compression, and the plates were sup 
ported on a die-block with a hole placed concentrically with the 
punch. 

In the first series of experiments, the punch was flat-ended, anc 
of 0*85 inch diameter; the area was therefore 0*56745 squan 
inch. 

The hole in the die-block was made larger, namely, 1*25 incl 
in diameter. 

The weights were very slowly and regularly added, the incre- 
ments of weight being 0*8 ton at the commencement, and 0*4 tor 
towards the close of each experiment. 

The indentation was read off a scale, engraved on the plunger 
by a fixed vernier. This indentation, as given in the Tables, haf 
been corrected for the compression of the plunger itself and th( 
yielding of the supports. 

In all these experiments it was extremely diflScult to estimate 
with accuracy the ultimate indentation at the moment of fracture 
owing to the suddenness with which the plate gave way. Bj 
examining the fracture aftei^wards, however, more or less reliable 
indications were found of the depth penetrated before i-upture 
The part actually displaced by the punch was cylindrical, of the 
same diameter as the punch, and with a bright cut surface. The 
remainder of the fracture was conical, with a broken laminated 
fracture of a dull grey lustre. The measurement of the fracture 
appears, therefore, to afford the most reliable evidence of the 
ultimate indentation which can be obtained under the circum- 
stances of the experiments. 
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TABLE VI. 

Smmmarjf of RetmlU offint ieriu of ExperimenU on Punching, 

Pouch 0'85 ioch diameter. PUt-eDded. 






I 

9* 
§ 

i 



il 



8 u £ 

£ -2 




B." ^ 



C^ 






fl ?fl 

* = a 

». c ♦* 

O 3 2 






1^7 



90 



1 I A 

2 i B 
% G 
I 



A 
B 

D 



0-27 
0-25 
0-26 
0-25 



0-60 
0.50 
0-52 
0-51 



31972 
19128 
32868 
18980 



57956 
57060 
73876 
50060 



B 


0-73 


C 


0-81 


A 


0-78 


101 


B 


0-98 


C 


108 


D 


1-04 



88212 
90004 
91796 



90004 
90004 
90004 
90004 



14-2782 I 
8-67.^2 

14-6732 I 
8-4732 ' 



29604 
19428 
31t;04 
189b0 



0-0150 
0142 
00183 
0-0142 



i222 
138 
289 
135 



25-8781 
25-4732 
32-9804 
22-8480 



39-3804 
40-1804 
40-9806 



40-1804 
40-1804 
40-1804 
40-1804 



57956 
57060 
71035 
49080 



84587 

not punched 

82381 

not punched 
not punched 
not panohed 
not punched 



0-0153 


458 


00166 


474 


0-0150 


533 


00183 


449 



19-796 
12-922 
21 133 
12-692 

19 378 
19 034 
23-750 
16-410 



0-0208 


880 


20 202 


0-0143 


• • ■ 


• ■ • 


0-0208 


857 


19-675 


0-0058 


• • • 


• ■ • 


0037 


• • • 


• • • 


0052 


■ • • 


• • • 


0037 


• • ■ 


• • ■ 



column in the above table headed " Reduced pressure " 
aing the pressures which would have been sustained by tlie 
» in each series, if they had been exactly J, \, J-inch in thick- 

instead of varying more or less from those thicknesses. It is 
ilated from the fourth column, which contains the pressures 
Jly sustained. 

16 work done in foot pounds is obtained by multiplying the 
ore at rupture by half the ultimate indentation in feet. 
18 shearing strain is the pressure per square inch of the metal 
Bd, assuming that area to be the circumference of the punch 
[plied by the thickness of the plate. Owing to the large size 
B die, however, the correct shearing strain cannot be deduced 

ibe experiments. But these numbers in the last column 
, nevertheless, a convenient scale of the qualities of the 
rial throughout the experiments. The Table shows that the 
ries manifested the same superiority in resisting punching, 

they exhibited in the previous experiments. Of the iron 
« the A series offered the highest resistance ; next the B 
8 ; and lastly, the D series of rolled plates. In the thicker 
» the difference between B and D is, however, not con- 
cible. 
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TABLB YIL 

Summary of RetvlU ofteeond ieriei of Experimenii on Punching. 

Pooch 0'50 inch di&meter. Flat-ended. 



•sfl 



16 
17 
18 
19 



20 
21 
22 



28 
24 
25 



I 

g 
-3 



B 
C 
D 



A 

B 
D 



1^ 
I 



5 s ■ 



i 



3 

if 




11^ 



aS 




5|*i 


i?i 


a Si 




Ulti 
dan 





A 


0.61 


84660 


16-4732 


B 


0-60 


81972 


14-2782 


C 


0-50 


48100 


21-4782 


D 


0-51 


81972 


)14-2732 



83980 
81972 
48100 
81846 



0-0250 


425 


0250 


400 


0.0180 


434 


0238 


865 



0-75 
0-76 
0-76 



46996 

48788 
4S788 



20-9804 
21-7804 
21-7804 



46996 
48788 
48146 



0-0838 
0-0416 
0-0316 



783 

1015 

761 



0-98 
1-04 



Plate not punched. 



61832 
63124 



27-7804 
28-1804 



62584 
60696 



Punch cnuibed. 



0-0492 
0-0488 



1640 
1466 




The following Table gives the shearing pressures of each seri ^ 
of plates in the two series of experiments on punching : — 



TABLE Vin. 
Summary of RetuUi on Shearing, 



Diameter of 
piinch. 



Approximate 
thickness 
of plates. 



Shearing strain in tons per square inch. 



A plates. 



B plates. 



C plates. 



D plates. 



•Rii ITIR ) 



0*85 ins 



0*60 ins. 



Mean . . 



0-25 
0-60 
0-75 



0-60 
0-75 
1-00 



19-796 
19-370 



19-369 



19-511 



12-922 
19034 
20-202 



18-215 
17-850 
18-088 



17-719 



21 183 
23-760 



12-692 
16-410 
19-675 



27-403 
18-530 



17-858 
18-286 
17-290 



22-704 



17-035 



Means of -^^ ^ 
plates of ^^^ ^ 
same thick ^^ '^ 
ness. 

16-636 
19-618 



^ 

^ 



20-709 




In those results we find the same order of merit as in th» 
previous experiments. The relative resistance of each series, co 
pared with the results on series A, being as follows : — 



A Plates 


1-000 


B Plates 


0-907 


C Plates 


1-168 


I) Plates 


0-873 
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Moie of fro/sture, — Aa the pressure was applied the punch 
Dtered into the plate^ forcing back the material, and causing a 
nlge beneath. This bulging continued till rupture, which took 
!ace in several ways. 

Kret When the plates were thin, and the punch not very small 
compared with the hole in the die, the fracture took place in 
3 manner shown in section fig. 5, Plato IX. ; a plug being 
ached out, moderately convex on the lower surface, but without 
f cracka 

fcooni With thicker plates, a somewhat similar fracture 
oned in those cases where the metal was sufficiently ductile to 
fer a re-arrangement of its particles without fracture, but the 
^ punched out was more conical as shown in fig. 6. This form 
racture was very evident in the plates of series C. 
liird. In most cases, however, in the thicker plates, the tension 
168 the bulge beneath caused radiating and other cracks there, 
»re rupture ensued The forms of these cracks are shown in 
7. 
bnrth. Where the punch was small compared with the thick- 

of the plate, a new form of fracture ensued with the iron 
esL The bulge was large, and four or more radiating cracks 
nded across it some time before final rupture took place ; — 
nately a small plug of a conical shape was formed by the 
nsion of the cracks, and being carried forwards by the punch, 
)d open the metal at the previously formed cracks, and 
ure ensued. 

\vrd aeries of Experiments, — Punch 0*85 inch diameter with a 
d end. In the following experiments the same pieces of plate 
! employed, but a punch with a round end was substituted for 
iat-ended punch previously used. The same die was used, and 
1 other respects the arrangements were the same. The object 
to ascertain the difference of result with a view to explain the 
t penetrating power of flat-ended shot when compared with 
ordinary service shot. 
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TABLB IX. 

Sammary of RetuU of third terieM of ExperimenU on Punching. 

Puncli 0*85 inch diameter, with ronnd end. 



Comparing the above resistances with those of an ordinary fls: 
ended punch of the same size, we have 



I 



No. of experi- 
xneiit. 


Mark on 
plate. 


Thickness of 
plate in inches. 


Pressure on 
punch at 

rupture in 
pounds. 


Pressure on 

punch at 

rupture in 

tons. 


Pressure re- 
duced to 

uniform thick 

neas in pounda^^^^^ 


26 
27 
28 
29 


A 
B 
C 
D 


0*51 
0-50 
0*50 
0*51 


63124 
48788 
85524 
45204 


28*1804 
21-7800 
38*1810 
20*1804 


61886 
48788 
85524 
43337 


80 
81 
82 


B 
C 
D 


0*72 
0*79 
0*76 


94484 

101696 

99904 


42*1810 
45*4020 
44-6000 


98420 
not pnnchei^^^K. 
98571 



Rraistancein lb&. 



Half*inch thick 



SA plates 
B plates 
' i Opiates 
( D plates 

Three-quarter-inch thick | ^ P}*J^ 



Mean 



Punch 
flat-ended. 



57956 
57060 
71035 
49080 
84587 
82381 



Punch 
round-endc 



61886 
48788 
85524 
43337 
98420 
98571 



67017 



'2754: 



The means of the two punches are in the ratio of 1000 to lO 
or 8| per cent, greater in the round-ended punch, and this is 
chiefly to the results on the three-quai*ter-inch plates. 

The ultimate indentation could not be observ^ed in these ex 
ments, but wo may roughly indicate the difference of indentat 
in these, as compared with the previous experiments, by averagi 
in each case the indentation produced by the weiglit next less tb 
that which produced rupture. 





laD 



Indentation in inches. 



Flat-ended 
punch. 



Half-inch thick 



Three-quarter-inch thick 



A plates 
B plates 
G plates 
D plates 
B plates 
D plates 



•10 
•09 
•13 
*08 
*12 
*15 



Mean 



0*111 



Round- ended 
punch. 



•37 
•38 
•52 
'30 
•37 
•41 



0-883 



RaUa 



1 to 3 7 
1 to 37 
1 to 40 
1 to 3-7 
1 to 3*1 
1 to 2*7 



1 to 3*45 
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It will be observed that whilst the statical puDching pressure 
IS nearly the same, the indentations were very different in the 
o cases. In fact, the indentation with the round-ended punch 
s nearly 3^ times as great as with the flat-ended punch. It 
uld appear that with the round-ended punch the ultimate 
Lentation was equal to the thickness of the plate, whilst with the 
t-ended punch it was less than half that amount. 
/Lnd hence we derive the remarkable deduction, that whilst the 
.tical resistance of plates to punching, in the cii*cumstances in 
lich they were placed in these experiments, is nearly the same, 
latever the form of the punch, yet that the dynamic resistance 
work expended in punching is twice as great with a round- 
ded punch as with a flat-ended punch. Of course, this only 
•proximately expresses the true law, but it offers a remarkable 
incidence with the results derived by trials with ordnance, and 
Tords an explanation of the difference which has in such trials 
jen observed. 

amputation of a Oeneral Formula, for the resistance of 

Wrougkt'iron Plates to Shot 

169, Putting W for the work accumulated in a shot at the 
LStant of striking a wrought-iron plate, w for the weight of the 
kot in pounds, and v for its velocity in feet per second ; then 

to v^ 

If, in striking, this shot penetrate, and expend the whole of the 
ork in effecting the rupture of the plate, W would be equal to the 
ork causing the iiipture of the plate. 

The experiments on punching show that, with a round-ended 
unch, the depth of penetration at the point of rupture may be 
Bsomed as approximately equal to the thickness of the plate 
taelt It will vary from this with different materials, being 
reater with the more ductile and less with the more rigid, but 
a the present state of our knowledge this is the best hypothesis to 
aake. 

If, then, P be the statical punching pressure in pounds, Wi, 
ke work done in punching, in foot pounds, and t the thickness of 
he plate in inches, 

(2.) W, -P^l' 

But the experiments show that P varies approximately as the 
U^ of the metal in the section sheared ; that is, as the circum- 
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>^ 



ference of the shot multiplied by the thickness of the plate ; s^ 
that 

(3.) P = 2 » r < «, ^^^ 

where r = semi-diameter of shot, and 8 = shearing resistance of 
the material in pounds, 

and if W=Wi, we have, substituting the value found inequa- 
tion (1) : — 



64*4 12 ' 

and, solving this equation for t, we have 

(6.) t = ./m^zir. 

V 10-73 « r J 

This is the general formula for the penetration of wrought iron 
by shot, from which, knowing the weight and diameter of the shot 
and the shearing stress, the maximum thickness of penetration 
could be found for round-ended projectiles, of such a material that 
the whole of the work in the shot was given up to the plate. 

Cast iron service shot are far from fulfilling the conditions stated 
above. Taking this into consideration, and also that the velocities 
at impact are at present not ascertained, it will be sufficient for 
present purposes to assume 

<«•> ' = \/^' 

where C is a constant to be deduced from experiments with 
ordnance. 

Application of Qen^ral Formula to the ExperimeiUs at 

Shoeburyness, 

For this purpose it is necessary to know the maximum thickness ^a 
of perforation, or that thickness of wrought iron which any givencat^^-ve 
shot exactly penetrates, leaving the plate with no remaining .aijfn. 
velocity. The Shoeburjmess experiments give the thickness oro oi 
plates perforated by each size of shot up to the limit at which ih^Mj^.:lhe 
plates resisted the impact. If the mean be taken of the greates'-^^^^est 
thickness perforated and the least thickness which resisted th^ miK ^be 
shot in each case, this will give the nearest approximation to.:* to 
the maximum thickness of perforation which under the circum-^=^*32- 
stances can be obtained. 
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TTaking UiMe means for each series of iron plates separately, 
^v&d averaging the results, we get tbe following numbers : — 



tMeripUaiorguo. 




„ ■ .i-r-.-.: 

25 „ . . . 
*a „ . . . 


I -289 
1-S03 
2-SSO 
8-820 



Substituting these values of t in the general equation (6), we 
S^ti for the value of the constant C 3,374,940. Hence 

V 3,374,940 f 

Itecalcnlatiiiig from this equation the values of t, and placing 
^l^em beside the results obtained at Shoeburyness, we have the 
'■ollowing table : — • 

Cvmpariioit ^ general fomutla «ilA Experiment. 





„ 


if 


K 


■3 


MBilmum 






r 


^ 


1^ 
si 


1 




Brnir 




■AS- 

mint 


f^^. 


-^rartnuig S pounder . 


a2B 


0-75 


1141 


1-23 


1-288 


i-4nfi 






11-58 


1 


■id 


1156 


1 


4rt 


1-803 


1-78B 




•. ss 


24-81 


a 


la 


lies 


1 


S4 


2-360 


2-337 


Tk, 


>• " ■• 


40-00 


5 


11(1 


I16S 


V 


Xi 


2-820 


2-803 


^ 


100 „ 


110-00 


14 


;io 


117B 




in 




3-813 




Smjoth b«rt es „ . 


86-25 


16 00 


1557 


3-98 




3-470 





Looking to the fact that the formula is merely provisional, 
^■^^d in some respects derived from imperfect data, the corres- 
I*«>ndeiice between the experimental and calculated results is suf- 
^oiently striking. 

The formula apphes only to cases in which tbe action of the 
*»iot ia approximately similar to that of punching, and not to 
^^4es such aa the S-inch steel plate and the 6-inch iron plate, 
^•"liich broke by transverse fracture. 

The increase of rigidity resulting from increase of thickness, 
^part from any question of the ductility of the material, decreases 
* »le resistance of the thicker plates. 

At present it does not appear possible to rationalise satisfac- 
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torily the constant C = 3,374,940. But it indicates tha 
part of the work accumulated in the shot is wasted th; 
breaking up of the shot itself. Another circumstance affc 
shearing stress is the size of the fracture, which was al^ 
siderably larger than the shot itself. 

Wm. Faii 

Strength of Wrought Iron Girders* 

160, The experiments instituted for the purpose of as< 
the value of wrought-iron riveted plates in the form 
through which a railway train should pass, was a concept 
led to a new era in the history of bridges, and ultimatel 
the passage of the estuary of the Conway and the Men; 
These experiments gave not only the form and strength 
for the construction of those colossal structures, but they < 
an entirely new system of constructive art, and estabL 
principle on which wrought-iron bridges should be mad 
then some thousands of bridges, many of them of great s 
been made, composed entirely of wrought iron, and ar< 
existence, supporting railways and common roads to a 
hitherto unknown in structures, which could not have be€ 
plished by any other description of material than that of i 
iron. 

The construction of the Britannia and Conway bridg< 
tubular form, led to others, such as the tubular girder, 1 
and lattice girder, and other forms, all founded on the 
developed in the construction of the large tubes as they : 
the Conway and Menai Straits. In the tubular bridge 
first designed that their ultimate strength should be six i 
heaviest rolling load that could ever be laid upon th< 
deducting half the weight of the tube. This was conside 
margin of strength, but subsequent considerations, such 
rally attend a new principle of construction with an 
material, induced an increase of strength, and instead of 
mate powers of resistance being six times, it was incr 
some cases, to eight times the weight of the greatest load. 

The stability and great success of these bridges gave 
confidence to the engineer and the public, and for seve 
the resistance of six times the heaviest load was consi- 
amply sufficient margin of strength. 

• Re|)ort by Mr. Fairbtiirn to tlie Board of Trade of liis Experiments for 
the Strength of Iron Stiuctures. 1864. 
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Owing to the success of these undertakings, there was a general 

demand for wrought-iron bridges in every direction, and numbers 

^^rere made without any regard to first principles or to the law of 

proportion which should be observed in the sectional areas of the 

'top and bottom flanges, so clearly and satisfactorily shown in the 

e3,rfy experiments. The result of this was a number of weak 

bridges, and many of them so dispropoilioned in the distribution 

the material as to be almost at the point of rupture, with little 

than double the permanent load. These discrepancies, and 

the erroneous system of contractors tendering by weight, led not 

^^ly to defects in the principle of construction, but the introduc- 

■^lon of bad iron, and in many cases equally bad workmanship. 

-Novr, there is no construction which requires greater care and 

^**ore minute attention to sound principles than wrought-iron 

K^ttJers, whether employed for bridges of large or small span, or for 

"Gildings. The lives of the public, in this respect, entirely depend 

^Pon the knowledge and skill of the engineer and the selection of 

^he material which he employs. 

The defects and break-downs which followed the fii*st successful 
application of wrought iron to bridge building, led to doubts and 
*^ax8 on the part of engineers, and many of them contended for 
^%ht and even ten times the heaviest load bs the safe margin of 
^rength. Others, and amongst them the late Mr. Bninel, fixed a 
lower standard, and I believe that gentleman was prepared in 
P^Uctice to work up to one-third or two-fifths of the ultimate 
^trength of the weight that would break the bridge. Ultimately 
*t ^as decided by the Lords Commissioners of Trade, "that all 
^^ture bridges for railway traffic shall not exceed a strain of five 
^Us per square inch." 

The requirement of five tons per square inch did not appear 
^^ifficiently definite to secure, in all cases, the best form of con- 
struction. It is well known that the powers of the resistance to 
^tr^n are widely different with wrought iron, according as the 
*^t'ce8 of tension or compression are applied ; it is even possible so 
^^ disproportion the top and bottom flanges of a wrought-iron 
Sirder, calculated to support six times the rolling load, as to cause 
^t to yield with little more than half the ultimate strain, or 10 tons 
^^ the square inch. For example, in wrought-iron girders with 
*^lid tops it requires the sectional area in the top to be nearly 
double tliat of the bottom, to equalise the two forces of tension 
^d compression, and unless these proportions are strictly adhered 
^ in the construction, the five-ton strain per square inch is a 
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fallacy which may lead to dangerous errors. Again, it 
tained from direct experiment that double the quantity < 
in the top of a wrought-iron girder was not the most effi 

for resisting compression. On the contn 
found that little more than half the sectio 
the top, when converted into rectangular a 
to a, a, a (see fig.), was equivalent in its 
resistance to double the area when fo] 
solid plate. This discovery was of great 
the construction of tubes and girders of 
as the weight of the structure itself— 
creases as the cubes, and the strength oi 
squai'es — forms an important part of tl 
which it is subjected. On this question it 
that the requirements of a strain not exceeding five 
square inch cannot be applied in "both cases, and is 
ambiguous as regards its application to different forms oi 
In the five-ton per square inch strain there is nothing 
the dead weight of the bridge, and we are not informc 
the breaking weight was to be so many times the appli 
plus the multiple of the load, or whether it included o: 
the weight of the bridge itself. 

These data are wanting in the railway instructions, 
some fixed principle of construction is determined up 
panied by a standard measure of strength, it is in vain 
any satisfactory result in the construction of road ar 
bridges composed entirely of wrought iron. 

I have been led to inquire into this subject with i 
ordinary care, not only on account of the imperfect st 
knowledge, but from the want of definite instructions, 
the following experimental researches endeavoured to 
the extent to which a bridge or girder of wrought iro 
strained without injury to its ultimate powers of resistar 
moreover, I have endeavoured to ascertain the exact i 
load to which a bridge may be subjected without endan 
safety, or, in other words, to determine the fractional st 
estimated powers of resistance. 

To arrive at correct results, and to imitate as nearly i 
the strain to which bridges are subjected by the passage 
trains, the apparatus specially adapted for that purpose 
signed to lower the load quickly upon the beam in 
instance, and subsequently to produce a considerable { 
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vibration as the large lever with its load and shackle was left sus- 
Eiended upon it in the second. 

The machinery for lifting the weight from off the girder con- 
Xsted of a shaft and pulley driven by a water wheel, and from this 
baft the apparatus for lifting the load was worked by a strap 
irom the pulley on a pinion shaft, which drove a spur wheel, con- 
noted with the lever by a connecting rod. 

The girder subjected to vibration in these . experiments is a 
^ix>ught-iron plate beam of 20 feet clear span, and of the following 



mensions : — 



Am of top : 1 plate, 4 in. x 4 in. 

„ 2 angle ironi, 2^^ x 2* x f^" 

Ana of bottom : 1 plate, 4 in. x ^ 

„ 2 angle ironi, 2" x 2"^ x f,{' 



Inchen. 
2 00 
2-30 



100 
1-40 



Web : 1 plate, 15|* x i' 



Total secUonal area 



Depth 

Weight .... 

Breaking weight (calculated) 



4-30 



2*40 
1-90 

8*60 



16 inchee. 
7 cwt. 8 qn. 
12 tons. 



The beam having been loaded with 6643 Ifos., equivalent to one- 
Tourth of the ultimate breaking weight, the experiment com- 
EK&enced as follows : — 

BXPBRIMENT L 

on a Wrwghl-irtm Beam with a ehanging load equivalent to one-fourth of 

the Breaking Weight, 



\ 



IM^ 


Knmberof 


neflectfon pro- 




obaagee of load. 


dueedbyload. 


RCSCARKS. 


1860. 




in. 




lUitk 21 





0-17 




H 28 


16,610 


016 




JhA 


J A ^ :Ai% 


0-16 • 


Strap found loose on the 24th, and 


» 26 


46,100 


^ling to lift the load. 


II 28 


72,440 


017 




i'\ ^1 


112,810 


017 




Apra 2 


144,850 


016 




.1 7 


202,890 


0-17 


. 


>i IS 


268,828 


017 


« 


it 17 


821,015 


017 


Strap found broken on the 20th. 


1," 27 
^7 1 


408,264 


016 




449,280 


016 




ti 6 


489,769 


016 




N 9 


536,855 


016 




n 14 


696,790 


016 





The beam having undergone about half a million changes of 
^^ by working continuously for two months^ night and day, at 
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the rate of about eight changes per minute, without producing any 
visible alteration, the load was increased from one-fourth to two- 
sevenths of the statical breaking weight, and the experiment pro- 
ceeded with till the number of changes of load reached a miliioo. 



EXPERIMENT U. 

Experiment on the eame heatn wUh a load equivaUni to two-§eventhe of the Breaiug 

Weighty or nearly 84 tone. 



Data. 



1860. 



Maj 14 



II 

)i 

Jane 

11 

*> 
11 



17 

22 

29 

4 

9 
16 
26 



Numbered 
chftttges of load. 



86,417 
85,820 
161,500 
194,500 
286,460 
292.600 
403,210 



Deflection in 
inches. 



0*22 













22 
22 
22 
21 
21 
22 
28 



/ 



RXXAEKB. 



In this ezperimeDt the namber of , 
changes of load is counted from 0, 
although the beam had alreadj 
undergone 596,790 changes, tf 
shown in the preceding table. 



The beam had now sustained one million changes of 
without any apparent change, when it was considered necessaiy to 
increase the load to 10,486 lbs., or two-fifths of the breaking 
weight, when the machinery was again put in motion. With this 
additional weight the deflections were increased, with a permanent 
set of 05 inch, from '23 to '35 inch, and after sustaining 5175 
changes it broke by tension a short distance from the middle of 
the beam. It is satisfactory here to observe, that during the 
whole of the 1,005,175 changes, none of the rivets were loosened 
or broke. 
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EXPBRIMSNT III. 

BEAM BEPAIRED. 

rbe boain broken is the preeeding experiment was repaired by repladng tbe broken 
|le iroDB on eaeh aide, and pntiing a patch over the broken plate equal in area to the 
lie iifell Thus repaired, a weight of three tons was placed on the beam, equivalent to 
»-fearth of the bseaking weighty when the experiments were again continued as before. 



JMm. 


Number of 


Deflection in 


Permanent set 






inches. 


in inchee. 


RnfABKS. 








/ 


The load during these 


1860 








changes was equiva- 


AwwV* 








lent to 10,500 lbs. or 


Aagut 9 


158 






4*6875 tons at the 
oentre. With this 
weight the beam took 
a large but unmeasured 
set 

During these changes the 


.. n 


12,950 


"" 


- 1 


load on the beam was 
8,025lbs.or8-58t6ns. 


M i» 


25,900 


0-22 


( 


Load reduced to 2 '96 tons. 


» IS 


25,900 


0-18 


" 1 


or one fourth the 
breaking weight. 


. « 24 


101,760 


018 







Bvtaaberl 


140,500 


018 


01 




-. »• 15 


242,860 


018 


001 




Ookober 


375,000 


018 


0-01 




MVMibei 8 


677,800 


018 


0-01 




SNoiber 1 


768,100 


0-18 


01 




1861. 










fe^ ^ 


1,121,100 


018 


01 




Wrway 2 


1,842,800 


0-18 


01 




Ihnh 2 


1,602,000 


0-18 


01 




SL 5 


1,885,000 


017 


01 




2,110,000 


0-17 


01 




^<MBber4 


2,727,754 


017 


01 




0«lQker 16 


8,150,000 


017 


01 





^t this point the beam having sustained upwards of 3,000,000 
^^^i^ges of load without any increase of the permanent set, it was 
'^med that it might have continued to bear alternate changes to 
^J extent with the same tenacity of purpose, as exhibited in the 
'^ing Table. It was then concluded to increase the load from 
''^ to |rd of the breaking weight, and having laid on four tons, 
l^di increased the deflection to '20, this experiment was pro- 
ved with in the same order as in the previous ones. 
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EXPBRIMBNT IV. 



Data. 


Number of 
diangesof load. 


Deflection in 
inches. 


Pemument set 
tniuehee. 


Behuu 


1861. 

October 18 

19 

N'oTemberl8 

December 18 

1862. 
January 




4,000 

126,000 

237,000 

31S,000 


0-20 
0-20 
0-20 
0-20 




- j! 

i 


Broke by tent 
the bottom 



From these experiments it is evident that wrought-irc 
of ordinary construction are not safe when submitted t 
disturbances equivalent to Jrd the weight that would bre 
They, however, exhibit wonderful tenacity when subjects 
same treatment with Jth the load ; and assuming there 
an iron girder bridge will bear with this load 12,000,00( 
without injury, it is clear that it would require 328 yes 
rate of 100 changes per day, before its security was affe 
would, however, be dangerous to risk a load of Jrd the 
weight upon bridges of this description, as according tc 
experiment the beam broke with 313,000 changes, or a 
eight years at the same rate as before would be sufficient 
it. It is more than probable that the beam might h 
injured by the previous 3,000,000 changes to which it 
subjected ; and assuming this to be true, as time is an e 
the calculation, it would then follow that the beam was pi 
to destruction, and must of necessity, at some time, 
remote, have terminated in fracture. 

The experiments, so far as they go, throw considerabl< 
this very intricate and very important subject. They are 
carried sufficiently far to enable us to state with certaint 
the safe measure of strength ; and as much depends 
quality of the material and the skill with which the gi 
put together, it becomes necessary for the public safel 
measure of strength should be established without enc 
the structure with unnecessary weight. On this question 
be borne in mind that every additional ton that is not 
beyond the limits of safety is an evil that operates as a 
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quantity tending to produce rupture ; and hence follows the neces- 
sity of a careful distribution of the material^ in order that the 
tube or girder shall be duly proportioned to the strains it has to 
bear, and that every part of the structure shall have its due 
proportion of work to perform. 

I have assumed for the sake of illustration that every descrip- 
tion of material, as regards its cohesive properties, follows the 
tame law as that which we have experimented upon, or, in other 
irords, in the ratio of its physical powers of resistance, that is to 
say, any beam will follow the same law in regard to its ultimate 
powers of resistance when operated upon by a corresponding load 
due to that power. If this be true, we have only to follow the 
Mune role as observed in the experiments, by loading cast iron or 
wooden beams in the ratio of their cohesive powers of resistance 
ttd their breaking weights respectively. This has not been 
. proved experimentally, but I hope at some future time to have an 
opportunity of extending the experiments in order to determine 
to what extent these views are correct. 

Assuming the top of the girder to be sufficiently rigid to 
prorent buckling by compression, the formula for the strength of 
the bottom section, derived from my own experiments on the 
i&odel tube at Millwall, is, 

w - - - 
e 3s the eoDitant 80 derived from experiment. 

Applying this formula to the beam experimented upon, we 
kre— 

Oi ibe area of ibe bottom « 2*4 inebee, 

d^ tbe depth of the beam = 16 incbea. 

Cf the eonatant dedaoed from the model tube = 80 incbea, 

If the apan or distanoe between the aapporta = 240 inohea ; 

240 

^ ultimate strength of the beam. 

In order to obtain the strain per square inch iroia these experi- 
^■^^^ formula 

8 = — ^ may be naefal, 
4 a (2 

^»tte S represents the strain per square inch upon the section a. 
Produced by the greatest load, w, laid upon the middle of the 
gilder. 

It is neoessaiy to observe, that in a girder properly propoilioned, 
iiie greatest strain per square inch will take place upon the bottom 
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section, so that if the Btrain upon the bottom eectioa of sucl 
girder be within the conditions of safety, the strain upon the to 
section will necessarily be within this limit also. In a ginle 
having the cellular structure at its top section, the area should b 
very nearly IJ times that of the bottom section, or the areas ( 
their sections should be respectively as 5 : 4, and the strain p€ 
square inch upon these parts will he respectively inversely aa the 
areas, that is, the strain per square inch upon the top section wi 
be four-fifths of the strain per square inch upon the bottoi 
section. In one of the foregoing experimenta, without cells, k 
have, where I, the length of the girder = 240 inches, 

w, the weight lud od the middle = 2'96 tone, 
a, tliB are* of the botlooi lecdiin = S'l iDchei, 
d, ths depth of the girder = Ifl inehei ; then 

which is the strain per square inch oo the bottom section of tl 
girder. 

Applying these formuhe to the whole series of experiments, v 
obtain the following summary of results : — 



SCMMAET OF KKSDLTS. 





First Sekies or ExFERiuE.vra. 








Be&m 20 fe«t betwee 


ntbea 


pport.. 




If 

i 


D*t«. 


f'li' 


1 
it 


h 
P 


3 

■g-S 

a 


^^ 


■ 


From M»TOh 21rt 1 

tn Maj 14th, \ 
1880 . . ) 


2-96 


696,790 


4-62 


.. 


■17 




2 


From Mk; 14th] 
to June 26th, f 
1860 . \ 


8E0 


403,210 


G-4S 


SOS 


■23 




3 


Fmm Jnly 2Eth i 
V, Jily 28th, f 
18B0 . .] 


*-63 


6,175 


7-31 


4 -OS 


■35 


Brolcfl b; tmnc 

■ (hart diriuk 
rrom the oeoB> 
of the beam. 



Het« it will be obserTed th>t the number of 1,005,175 cbuigee «u attained be 
feature, with vaijing Htrains upon the bottom fluge of 4-62, S'46, and 7-3] tooa 
■quare inch ; and in the 
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Second Sehies of ExpsRiMEyrH— 
Beam rtpovrtd^tke following retults vere obtained. 



1 

0' 



Dttte. 



Weight 

on 

middle 

of the 

beamiu 

tons. 



Number of 
changes 
of load. 



Stndu 
per 

square 
Inchon 
bottom. 



Utndn 

per 

square 

inch on 

top. 



o q 



RsxAtu. 



1 i Avgmt 9tli, 18tf0 . 



S AngQgt llth and 
12Ui . . 



4-68 



3*58 



168 



7-81 



S From August 13th, ) 

1860, to October > 2 96 
< 16ih, 1861 . ) 

I 
^ PromOetoberl8tb, ) 

1861,toJairaarj } 4*00 
Oth, 1862 . . ) , 



25,742 i 3-59 



8,124,100 , 4-62 



4 08 



3-12 



2-58 



The apparatus 
accidentally set 
in motion. 



•22 



•18 



313,000 6-25 ; 3*48 '20 



Broke by tension 
as before dose 
to the plate ri- 
veted oyer the 
preyioQs frac- 
ture. 



The Dumber 3,463,000 changes was, in this case, attained before fracture ensued. 

From the above it is evident that wrought-iron girders, when 
subjected to a load equal to a tensile strain of 7 tons per square 
inch, are not safe if that strain is subjected to alternate changes 
of taking ofif the load and laying it on again, provided a certain 
^ount of vibration is produced by that process ; and what is 
'^nportant to notice is, that from 300,000 to 400,000 changes of 
"^is description are sufficient to ensure fracture. It must, how- 
^^er, be borne in mind that the beam from which these conclu- 

« 

«ions are derived had sustained upwards of 3,000,000 changes, 

^ith nearly 5 tons tensile strain on the square inch, and it must 

*^ admitted from the experiments thus recorded that 5 tons per 

^uare inch of tensile strain on the bottom of girders, is an ample 

*^dard of strength. 

As regards compression, we have only to compare for practical 
Purposes the difference between the resisting powers of the 
^^erial to tension and compression, and we shall require in a 
®ider without cellular top from one-third to three-fourths more 
**^rial to resist compression than that of tension ; and as 
^^'ought iron, in a state of compression, is to that of tension as 
^^Hmt 3 to 4*5, the area of the top and bottom will be nearly in 
^m proportion, or in other words, it will require that much more 
^terial in the top than the bottom to equalise the two forces. 
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In the expeiimental beam, the area of the top was con 
in excess of that of the bottom, having been constructed 
deduced from the experiments on tubes without cells, ^ 
quired nearly double the area on the top to resist cms] 
the construction of larger girders, where thicker plates 
this proportion no longer exists, as much greater r 
obtained from the thicker plates, which causes a closer 
mation to equal area, in the top and bottom of the gii 
from this we deduce that from i to f , and in some cas< 
tional area in the top has been found, according to tl 
the girder, sufficient to balance the two forces imder strai 

The foregoing experiments were, however, instituted to c 
the safe measure of strength as respects tension, and it wi 
that in no case during the whole of the experiments was 
appearance of the top yielding to compression. 

In all these experiments it will be observed that we hi 
the whole area of the bottom flange, without deductii] 
rivet holes in the angle irons and the bottom plate. T! 
tions were omitted in order that the experiments might 
pared with others where they have not been taken inU 
There were four, ^-inch in diameter, in the bottom flang 
each angle iron, and two in the plate, making an are; 
inch. This reduces the area for tension from 2*4 to IT 
Under the conditions of reduced area, it will be found 
strains per square inch upon the bottom flange, ^vith th< 
load, according to the formula, will be as follows : 

Weight on mlddlo Btrain fx 

of beam in tons. Xo. of cluuiges. ou boti 



Irt SxperimtDt, May 14, 1860 2*96 596,790 

2nd Experiment, June 26, 1860 . 8*50 403,201 

3rd Experiment^ Jnly 28, 1860 i'68 5,175 

DeAM KErAIJlED. 

let Experiment, August 9th, 1860 4*68 158 

and Experiment, August 12tb, 1860 3-58 25,742 

3rd Experiment, October 16th, 1861 2*96 3,124,100 i 

4th Experiment, January 9th, 1862 4*00 813,000 

From the above it will be seen that the actual strain 
solid plate was considerably increased. And the beam 
the fii'st series with a strain of nearly 10 tons upon t 
inch ; and in the second with a strain of 8J tons, after i 
3,463,000 changes of load. From this it may be inferr^ 
wrought-iron bridge would be perfectly safe for a long 
years with a strain of 6 tons per square inch, or one-f 
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lUticil breaking weight. It is, however, evident from these ex- 
perimentBi that time is an element which enters into the resisting 
powers of materials of every description when subjected to a con- 
tinued series of changes. These may be very minute, but assum- 
ing them to be of sufficient force to produce molecular disturb- 
•Doe, it then follows that rupture must eventually ensue. 

Wm. Fairbairk. 

Ml Experiments on a box beam made of Puddled Steel Plates. 

Dr Ml. FAIRBAIBN. 

(PUtc 10. Figs. 1 to 5.) 

»{. lucbos. 
Bottom section, 1 steel plate, IS x 4 in. -= 4*50 
„ i ingle irons, 14x14^1 in* - ^'74 



Totilires 



7*24 



Top section, 1 steel pbte, 18 x ^ in. = 5*62 
,, 4 iDgle irons, I4 x 1) x 4 in. «■ 2*74 



Totilirea 



S'36 



Sides, 2 pUtes 211. 24 in. x j, in. == 5*30 squire innhcs. 
Distince between supports 37 ii S in. 
Woght of beim 80 cwt 8 qrs. 



TABLE I. 



' Si .^«^kt Uid on ! Defloctiun Jt^^l 



Penna- 



in iucl>c«. 



Ovn Weight. 

1680 

4099 

6518 

8937 
11356 
13775 
16194 
18613 
21032 



' 20 
21 



23451 
25870 
28289 
80708 
83127 
85546 
87965 
40384 
42808 
44012 




•03 
•09 
•16 
•24 
•30 
•35 
•42 
•50 
•57 
•50 

•64 

•70 

•79 

•85 

•92 

-99 

108 

1^15 

1-25 

1-30 



•00 



•21 



RCMAIK.H. 



Scale md shickles. 



1 



After hiving been left with weight sns- 
' pended for 10 hoars. 



Tho bcim giring wiy sideways. 



s 2 
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At this point the beam throughout its length was giving 
sideways, as shown at A. The deviation from the perpendi 
amounted to from one inch to one inch and a quarter, 
experiment was therefore discontinued and the weight lifU 
the beam by a hydraulic pump to get the beam righted, 
this purpose two diagonal props were driven in hard at the c 





J. 



1 1 1 



JAL 



of the beam as shown at B, and after forcing the ends » 
again two broad plates .were riveted over them, as shown at 
prevent their giving way a second time. 



TABLE Ih'-iSxpei'iment etnUmued). 



No. of , 


Weight ' 


Breaking 


Deflection 


rormanent 




expert- 1 


laid on in 1 


weight in 


in 


set in 


Remakks. 


ment. 

1 


lbs. 


tons. 


inches. 


inches. 
0-21 




22 ' 


44012 


1-30 




23 


45222 




1-32 






24 


46431 




1-35 






25 


48850 




1-44 






26 


51261) 




1-53 







27 


53«88 


— 


1-62 


. 




28 ' 


5G107 


•^- 


1-72 


— 




2i) 


58526 


— 


1-85 


— i 




30 


00945 




1-99 






81 


63364 




2-10 


— 




32 


65783 


— 


2-20 






33 , 


67597 ' 




2-25 


— 




34 ! 

1 


— 1 


— 


2-25 


1 


After 16 hoars. 



The experiment was again discontinued for a time as the 
was giving way by the distortion of the sides. All the fou 
plates next the centre were more or less bulged. 

After remaining all night with the weight suspended from 
deflection had not increased in the slightest degree. 
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TABLE lIL^Experiment eoiUinutd). 



j X9o.of 


Wdgfatlaid 


BrMking 


Deflection 


Permanent 




CKxptri- 


on in 


wei^tin 


in 


sot in 


Rrmarrs. 


■Bomxt 


lis. 


tonB. 


Inches. 


Inches. 




35 


67597 


, -- 


2-25 


^^^^ 




S6 


69411 


— 


2-30 






37 


70621 


— 


2-85 






88 


71880 


— 


2-70 


— 




89 


78040 


— . 


2-80 


1 




40 


74250 


_- 


2-95 1 


_ 




41 


75460 


— 


810 


1 




42 


76805 


84 065 


— 




Broke. 

1 



y^ 



The fracture was dull and laminated, like that of dark grey iron, 
d was deficient of that texture peculiar to steel. 
The beam broke, tearing across the bottom, through two rivet 
les on each side, and across the solid plate. The side plates 
also torn through the rivet holes of the centre joint from top 
bottom. Before giving way the side plates had bulged or buckled 

c^oiifflderably. 

For comparison with this beam we take the model tube of the 

Conway Experiments, the data of which are as follow : — 



Toial area of metal at oentre 

Breaking weighty inclusive of } the weight of the tnlie 

Ultimate deflection '. 

BiBteooe between rapports 

Depth of tube 

Weight of tnbe 



55*47 square inches. 
89*15 tons. 

4*81 inches. 
75 feet. 
54 inches. 

6 tons. 



Jfow, for comparison of the respective strengths of these two 
'ornag of tubes, the most satisfactory method is to apply the 
''^iinula 






(1.) 



*^Tiere W is the breaking weight in tons, I the distance between 
®^pports, a, the total area in square inches, and cl, the depth ; C 
*^^n represents the relative strengths of the tubes for a given 
^^ight of material. 

Applying this formula to the preceding experiments, and 
*^^iiig to the tabular breaking weights one half of the weight 
^* the tube itself, we have — 



_ 35-602_x 37*5 
20*9 X '2 -2.5 



--- = 28*39 



. Jj^^i. similarly, deducting this coefficient from the experiments on 



model iron tube, we have — 



^ - 54 X 65*47 " ^^ ^' 
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The relative strength of the steel and iron tubes is therefore 
2839 to 267, giving a prepondrance of not more than Q-^ j 
cent, in favour of the use of steel. 

This very low comparative result was altogether unexpect^ 
and did not in the least bear out the anticipations previou 
formed from a consideration of the high tensile strength of t 
material ; indeed it was evident that the steel employed in 1 
construction of the beam had given way at a comparatively 1 
tensile resistance. 

Now, we may approximately calculate the strain on the bott( 
at the point of rupture as follows : putting / = strain per squj 
inch, a = the area of the bottom after deducting for rivet hoi 
and the other symbols as before — 

VI 85-602 X 87-5 

/ = 1 — T' = iT^ m — ; = 2201 toM, 

•^ i ad 2-26 X 6*74 x 4 ^ 

which gives a tensile resistance not greater than that of iron, 
ascertain whether this extraordinary result actually expressed 1 
condition of nipture in the material, two pieces were cut from t 
bottom of the broken beam, and a third from a specimen sent a 
covering plate for the top but not employed in the construct! 
and these gave the following results — 



Tensile Resistanco 
per square inch. 


Elongatiou. 


lbs. 




ton.<«. 




62110 
58170 
59461 


• • ■ 

• • ■ 

• t • 


27-728 
25-970 
26-545 


♦7 

... ^ 
ta 


59913 


26-747 


i'i 


94098 


• • 


41-8 


• • • u 



Specimens from broken 
beam 

Mean 

Previons experiments on 
the specimeoB gave 

Comparing these numbers, wo see that the steel cut from 
broken beam bore only 26*747 tons tensile strain, whilst that ] 
viously tried bore 41*8 tons, or in the ratio of 100 : 63*6 ; show 
a deterioration of 36"4 per cent, in the metal of the beam. 

In all these experiments the fracture was dull, finely laminat< 
and precisely like that of iron, but without any of the charact^ 
istic crystalline appearances of steel. It is probable therefore th 
the manufacture of these plates must have been defective, or see 
error must have occurred in the decarbonisation of the metal 
account for the deficiency in tensile strain. 

There is one other point for comparison between the model a 
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the experimental steel beams, viz., the deflection. Adding | of 
the weight of the beam to the weight laid on at the centre, we 
get the following Table of Deflections. 



No. ofexptri- 
mont. 


Defleetlnff weight 
in ma. 


Deflection In 
inchee. 





20775 


0-5 


13 


28022 


0-7 


S2 


46164 


IS 


81 


65516 


2-1 


38 


73982 


2-7 


41 


77612 


S'l 



Here putting b = deflection, and W = deflecting weight : 

W 



a = 



^ (41550 + 40030 + 35510 + 31200 + 27300 -i- 25080 



88486 

Or taking the last three results only, 

W 

27848 



8 = 



For the model tube from the later experiments we get — 

w 



8 = 



43000 



^^"t the model tube was twice the len<rth of the steel beam and 



8 

87 






4-81 



I 
i, and 8 ^ 2*4. 



^^mparing 31, the ultimate deflection of the steel beam, with 
*^^» the deflection of a similar beam of iron calculated from the 
^^imate deflection of the Millwall model tube, we see that the 
^^1 beam is less rigid than an iron beam of the same dimensions. 

TTie mean ultimate elongation of the plates in the foregoing 

®^^Periments on tensile strain was -^ of their lengtli. For bridge 

^^xi and boiler plate, I have usually found rather less elongation, 

^tich confirms the deductions from the observed amount of de- 

^^ion. 
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162. Experiment on a Lattice Girder. 

(Plate 10. Figs. 8, 9.) 

The girder was composed of the best ordinary iron. It was S 
feet long, 4 feet deep, and supported on brick piers 52 feet asunde 
The top flange consisted of a plate, a, 9 inches x i inch, wi* 
two side plates, 6, b, 4 inches x i inch, riveted by four angle iroiz 
c,c,d,d,lxlx-^ inch and 1 x 1 x | inch respectively. 

The bottom flange was formed of a plate, 6, 9 x J inch, riveted 
two side plates, /,/, 4 x i inch, by four angle irons, g, g, h,h; an 
uniting the top and bottom flanges were cross diagonal bars, I, I, l^ 
k, k, k, k ; the former were T irons 1 J x li x -^ inch, the lat^ 
and outer ones were plain bars 1 J x J inch. The diagonal 
iron stays were riveted together transversely by eight cross piec 
to each diagonal, p, p, j), &c., 1\ x IJ inch, to give the gircl 
greater rigidity. At each end of the girder, and on both sid< 
were plates s, s, s, «, 3 feet 7 inches x 1 foot 9-J- inches, and -^ \sxi 
thick, riveted to the side plates by the angle irons d!, (7, g, g, J. 
the extremities were two taper plates, V and W, 11 J inches 
the top and 2 feet 0| inch at the bottom, 4 feet 4 inches 
depth, and \ inch thick. Riveted to the bottom of these plat- 
were two lengths of 4-inch angle iron, and to this plate tl 
girder was firmly attached by four lengths of angle iron on ea^ 
side, t,t,t,t,\\ y.\\y. \ inch. The section of the girder was «' 
follows : 

Section of top flange. 

Bq. inches. 

1 plate, 9 inches x f inch . . — 3*375 

2 side plates, each 4 inches x \ inch = 2 '000 
2 angle irons, each 1 x 1 x A inch = '750 
2 angle irons, each 1 x 1 x 4 u^^h = *500 

Total top section . . 6*625 
Section of bottom flange. 



Rq. inchen. 

1 plate, 9 inches x \ inch . . = 2*25 

2 side plates, each 4 inches x \ inch ) _ , . . j 

minus rivet-holes j ~ 

2 angle irons, each 1 x 1 x j'Jj inch = '75 
2 angle irons, each 1 x 1 x J inch = *50 



Total bottom section . . 4 '94 

Depth of girder, 4 feet. 

Distance between supports, 52 feet. 



The beam thus constructed was submitted to experiment, i 
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de was fiuspended round the centre of the girder, and the 
Bting proceeded as follows : 



1 

CP«i- laldon 







Deflec- 
tion in 



Rkmarkb. 



Wttght of Scale. Deflection not meMiireil. 



( ThiB weight, 412 cwi., wm left on 70 honn, and the 
< deflection at the end o^ this period was found to be 1 '875 
( inch. 



(This weight having been left on for a few minutes, the 
< beam gradually deflected to 2*5 inches, when it suddenly 
( broke across the bottom web^ near the centre. 



*roin the above it will be observed that the girder broke by ten- 
"^^ ^th a weight of 256 tons, and taking the formula W =-?A.^ 
^ Wore, we have 



e = 



e = 



ad 



Vi I 
25-6 X 52 



wherefore 



= 67-3. 



4-94 X 4 

'rom this we derive the constant G7'3 for a lattice girder of 
tJ* construction, and comparing this with the constant deduced 
^^ the experiments on the tubular girder, we have for the 
^Nar girder 80, and for the lattice girder 67, being in the ratio 

^ow, if J-inch plates had been inserted between the top and 
**ttoiii flanges instead of the diagonal lattice bars, the breaking 
'^t would have been 35*97 tons, and the ratio of that to the 
'•^fee as 33*97 : 25*6, or as 1 : '71. In this case the amount of 
^rial in the side plates and in the lattice bars would be &s 
^7 as possible the same. 
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163. TabU of Baauits of Teeting American Bridges. Odober 
nst and 22nd, 1864. 
(PUt« 10. Rgt. 6, 7.) 
Girder 88 feet 6 incbes long, 11 feet deep, 1 foot C inchea broad, 
with two Bystema of triangulation in web. Camber 2 inches. 

«q. InohM. ». iwta 

1.= 7-878 

= 6-710 
- 12-000 



8«aUonofbottDiiiln.6in.K Aii 
3 uigla iroDi, 3^ x 31 - ^ m. 
2 side pUtea, 1 ft. k 4 ia. 



BmUoq of top 1 fl. 6 in. k J id. - i-00 

2 aide pUtei, 1 ft. x J in. ^ li-OO 

3 angle iron*, 3] x S^ h j^ in. = S It 



25-6] 5 
j 8-600 



ToUil top , . K-U 



Tat4l . . 23-015 
Each pannel was loaded separately with f tons of pig iron p«T 
foot run, and tbe deflections taken after the loading of etch 
pannel as below. The bridge was not riveted up, but eveijbolt 
was fitted and screwed up tight Bolts on the top Bide plala 
loosened with load on, when the plate gave laterally Vvinch, being 
8} inches before experiment and 8j4 inches after experimeni Tho 
centre but one gave ^^ inch. 
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164. I/une Viaduct. Cross Bemi, tested Jnly ZOth, 1866. 

(PUU 10. Kp. 10, 11.) 

BMinviUi 8 toni eoitivllou] dedccUd -23inoh. 
16 .. „ „ 63 „ 

20 „ „ „ -76 „ 

>• 25 „ „ „ -sr „ 



IdI^ penMuent Mt 



Ultwvd lb inA for eoMg^Joa ol 



for St. Eeltn'8 Bridge, ieated May and June, 1866. 

Cinaicr of Beam 1\ incA. 

(PUt« 10. nga. 12, 13.) 

m Btamt for Londvn aiul Nor^-WtiUm Aotlway. 
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166, Cotham Street Bndge. Girder tested June 9th, 10th, and 

nth, 1866. 

(Plate 10. Kgt. 14, 15.) 
Catt Iron Beatn. 



No. of 
experi- 
ment. 



2 
3 
4 

5 



7 

8 

9 

10 

11 



Reduced 
oentnd 
weight 

Ifddonin 
tons. 



Reduced 
deflection 
in inches. 



8 00 

29-60 
58-85 
07-04 
84-00 

87-00 



Reharxv. 



'1025 

2 085 
2-675 
2-875 
8-490 



89-77 — 
91-58 J — 



93-39 i — 
95-20 — 



96-91 



tThis betm gATe a permanent set of '04 inch., with \ 
20 tons central load. 



Defleetioni not measured after 84 tons on beam. 

With 85 tons on beam one bolt broke, and the experi- 
ment was recommenced. 



\ The beam broke as indicated above, with a load report, 
\ and presented an exceedingly fibrous fraetnre. 



Camber 1} incb. The cross section after experiment^ was carefally gauged. 



167. The following are extracts from experiments very lately 
made by Mr. David Kirkaldy at his Testing and Experimenting 
Works, Southwark. 
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INTRODUCrORV REMAKKS. i>6A 

On tlie TiXLiiBverae Strength, <tc., of Malleable Iron, 

168. It has been already observed, that iron has been only 
€ly employed to any extent to resist a transverse strain ; and 
iters, therefore, i^ho have undertaken experiments to investigate 
3 strength of materials, have hitherto passed over those inquiries 
lich relate to the transverse strength of this metal.* The 
traordinary extent, however, to which malleable iron is now 
plied to resist transversely a passing load, renders it highly 
lential that this resistance, and its other properties, should be 
ly investigated ; for it is obvious that every additional weight 

metal, beyond that which is requisite for perfect safety and 
irability, is not only uselessly, but injuriously employed, — it 
iing generally admitted that bars beyond a certain weight cannot 
3 80 well or so cheaply manufactured as those of less dimensions ; 
od it is no less certain, that by a proper disposition of the metal 
I the sectional area of the bar, (which depends on the data in 
uestion,) a greater strength may be obtained with a given weight 
f iron, than with a greater weight injudiciously disposed. Under 
hese impressions, the following experiments have been under- 
aken, and to these inquiries they have been principally directed ; 
'Qt as there will be found references to some other matters con- 
victed with the practical application of malleable iron, &a, to 
^ways, it may be well to state the circumstances under which 
^e experiments were undertaken, in order to render some 
^oarks and observations the more intelligible to the reader, 
liese were as follow : 

The Board of Directors of the London and Birmingliam Rail- 
way Company, desirous of carrying on the great work in which 
36y were engaged on the most scientific principles, and, if 
Qttible, to avoid the enormous cost of repairs which had attended 
)me large works of a similar description, offered, by public 
irertisement, a prize of one hundred guineas "for the most 
nproved construction of railway bars, chairs, and pedestals, and for 

* Some few experiments on the transyerse strength of malleable iron have oertainlj been 
de. I hftTe giren three in my *' Essay on the Strength of Materials." Mr. Hodg- 
im has also glanoed at this subject in his valuable paper of ** Experiments on CSast 
flt** pablished in the ** Memoirs of the Manchester Philosophical Society/* and M. 
leini has treated of the subject, in his ** Essai Tb6orique et Experimental," &c. ; but 
m pointi of greatest importance connected with the application of this metal to the 
ipotea of railways have never formed the subject of inquiry. f 



Biiiee this was written (1887) numerous experiments have been made, some of which 
pabliahe^. — Bn. present Edition. 
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the best manner of affixing and connecting the rail, chair, and 
block to each other, so as to avoid the defects which had been fdt 
more or less on all railways hitherto constructed ;" stating, that thrir 
object was to obtain, with reference to the great momentum of the 
masses to be moved by locomotive steam engines on the railway,— 

1. " The strongest and most economical form of raiL 

2. " The best construction of chair. 

3. " The best mode of connecting the rail and chair ; and aho 
the latter to the stone blocks or wooden sleepers. And that the 
railway bars were not to weigh less than fifty pounds per single 
lineal yard." 

In consequence of this advertisement, a number of plans» 
models, and descriptions were deposited with the Company within 
the time limited; and others were received afterwards, which, 
although not entitled to the prize, were still eligible to be con- 
sidered with reference to their adoption for trial. On the 24th rf 
December, 1834, a resolution was passed at a meeting of the 
Directors, appointing J. U. R^^rick, Esq., of Birmingham, N. 
Wood, Esq., of Newcastle, civil engineers, and myself, to examine 
and report upon the same, with a view to awarding the prixBi 
and, at the same time, we were requested to reconmiend to tb^ 
Directors such plans, whether entitled to the prize or not, as migl^^ 
be considered deserving of a trial. We met accordingly ^^ 
London ; and, after a long and careful examination of the seve 
plans, drawings, and written descriptions, recommended those 
thought entitled to the prize, which was awarded by the Director 
accordingly. But that part of our instructions which required 
to recommend one or more rails for trial, we were unable ^ 
fulfil to our satisfaction, principally from want of data to dete ^ 
mine which of the proposed rails would be strongest and stiffen 
under the passing load, and whether permanently fixing the ra> 
to the chair, for which there were several plans, would be safe i> 
practice ; and as no experiments on malleable iron had ever bee ^ 
made, bearing on these points, it was considered better to leav*^ 
the question unanswered, than to recommend, on no better groun ^ 
than mere opinion, an expensive trial, which might ultimately J 
prove a failure. 

Seeing, however, how desirable it was that such data should \>^ 
obtained, I proposed to the Directors to undertake a course c^ 
experiments, which should be conducted on a scale adequate totlu^ 
impoilance of the subject, provided my Lords Commissioners c^ 
the Admiralty would allow me the conveniences His Majesty^' 
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ard at Woolwich afforded (which I had every reason to hope 
ould do, from the liberality I had so frequently experienced 
tihat Board on similar occasions), and that the Directors 

supply such instruments, material, and workmanship as 
be required for the purpose. 

Admiralty, as I had anticipated, immediately granted my 
t ; and, at a public meeting of the proprietors, held at Bir- 
Bon, a resolution was passed, embodying my proposition. I 
ingly commenced and continued my experiments till I had 
1 such {acts as I thought necessary ; and having arranged 
I delivered the results, with a Report founded upon them. 
Secretary of the London Committee, to lay them before the 
; which being done, the Directors were pleased to express 
pprobation of my labours, and their wish that their results 
be made public. They were accordingly printed and very 
Uy circulated, nearly in the form in which they are given in 
lowing pages ; such experiments, however, being added, as I 
ince made for other railway companies, and such remarks 
servations as have arisen out of a more extended examina- 
the subject. 

lervmenta to deteiifnine (lie Quantity which Iron extends 
under different Degrees of Tension. 

With a view to this inquiry, an instrument was made as 

annexed sketch. — a bed, fig. 1, is a piece 
\a, about one-fifth of an inch thick, having 
at top, divided into tenths of inches ; g hf 
ondy ¥rith a vernier, turning freely on a 
h ; and i is a steel pin, about half an inch 
rojecting perpendicularly forward ; the dis- 
fh to hi being as 10 to 1. e is a small 
ith a screw, for the purpose described be- 
a b c d, fig. 2, is another piece of brass. 



Fi- 1. 




Fig.2. 



Fig. 3. 



f^ ''[jfelt 




a screw e; f is a piece working in a 
J, adjustable for position by the screw g, « 

a another steel pin projecting forward, a b, fig. 3, is an 
ddle-piece, with a set-screw s ; and at i a hole is tapped to 
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receive the screw e, fig. 2 ; aiid another saddle-piece, exactly liki: 
this, is made to receive the screw e, of fig. 1. 

The iron bars intended to be experimented on were made of the 
annexed form, about 10 feet in length ; the two saddle-pieces were 





then fixed on at the exact distance of 100 inches ; the instruments, 
figs. 1 and 2, screwed into their respective saddle-pieces, and a 
light deal rod hung, by means of two small holes formed in it, 
(also at the distance of 100 inches,) upon the two pins i i ; and 
then by means of the set-screw, fig. 2, the vernier of fig. 1 was 
adjusted exactly to zero. The pump of the press w^as now put in 
action, and after one, two, or more tons' pressure was on, according 
to the size of the bar, and everything brought well to its beanng, 
the hand was again adjusted to zero, after which the index was 
read for every additional ton. Here it will be seen, that whatever 
the bar stretched between the two instrments, the lower pin of 
fig. 1 was drawn forwax'd, and the index end thrown back ten 
times that amount, conseciuently to ten times the actual amount 
of the ([uantity stretched. 

It has been observed, that after one, two, or more tons strain 
was applied, to bring everything well to its bearing, the index was 
adjusted to zero, and its reading afterwards carefully registered as 
each additional ton was added. The strain during the experiment 
was repeatedly let off, and the index was found to return to zero, 
till the strain amounted to about nine or ten tons per inch, when 
the stretch incj became ffieater for each ton, and the bar did n^^ 
any longer retain its original length when the strain was removed, 
its elasticity with this tension being obviously injured. 

Tlicse experiments required more attendance than it ^^'^^ 
possible for one person to give ; the adjustment of the weights, tn^ 
reading and registering the index, required each the undi^'id^'^ 
attention of one individual ; the pumping also required to ^ 
watched with care. And I have great pleasure in acknowledg^^=' 
the ready assistance 1 received from Messrs. Lloyd and King*^^^' 
the engineers of the yard ; from Mr. P. W. Barlow, civil engio^^^ ' 
as also from Lieut. Lecount, who came from Birminghan^ 
witness and assist in the experiments. 
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^PSEIMKNTS. 




). On ik€ longUudiMl MxtmuUm <^ MaUealU Iron Ban 

Dfffreu of Direct Tention, 


r, un^iv dijfermi 




TAB 


LB I. 


Bar No. 2. 1 i 
Februai 




Bar Xo. 1, 1 Inch aquaro. 
Fe1)nin721st 


inch square. 
7 3l8t. 

Parts of the whole 

bar extondMi 

by each ton. 


Index 
rwdinga. 


Parts of the whole . Weight 
bar extended iii 
by each ton. tone. 


Index 
reading!*. 


lero. 


2 


zero 




•0625 


; 'C000625 1 8^ 


•11 


•0000733 


•156 


1 ^0000935 ' 4 


•15 


•0000800 


•265 


1 ' -0001090 I 5 


•24 


•0000900 


•375 


•0001100 ! 6 


•35 


•0001100 


not oboerred. 


mean. 7 


•44 


•0000900 


•562 


i ^0000935 8 


•52 


•0000800 


not obaexred. 


mean. * 


•62 


•0001000 


•750 


1 -0000940 10 


•70 


•000U800 


•875 


•0001250 11 


•81 


•0001100 


I 


12 


113 


Elasticity injared. 


Bior No. S, 1 inch diameter. 
Febmuy 23rd. 




Bar No. 4, 1 inch diameter. 
February 23rd. 


^ Index 
itadingB. 


Parts of the whole i Weight 
bar extended in 
by each ton. | tons. 


Index 
readings. 


Parts of the whole 
bar extended 
by each ton. 


lero 


1 


zero 




•16 


•0001600 2 


•15 


•0001500 


•81 


0001500 3 


•28 


•0001800 


-44 


0001800 4 


•42 


•0001400 


•66 


•0001200 5 


•56 


•0001400 


•67 


•0001100 1 6 


•69 


•0001800 


•79 


j 0001200 7 


•79 


•0001000 


•91 


•0001200 ' 8 


•97 


•0000800 


•103 


•0001200 9 


•116 


Elasticity destroyed. 




Mean exieuaion per ion, per 


square ioch. 

BarN< 


D. 1. -0000982 






BarN( 


9. 2. •0000908 






BarN 


0. 3. -0001010 






BarN 
an o£ the four 


0. 4. -0000976 






Me 


. . ^0000967 



268 



STKENUTU OF MALLEABLE IKON. 

TABLB II. 



Bar No. 5, t inches square. 


Bar No. 6, S indie* square. | 


Bar No. 7. 


2 inches Moan. i 


ll 
4 


Febni 

Index 
read- 
ings. 


try 28th. 

Pftrtaofthe 
whole bar ex- 
tended by each 
2 tons. 

1 




February 28th. 




March 7th. ! 


ll 

4 


Index 
read- 
ings. 


Puts of the 
whole bar ex- , 
tended by each 
2tons. 


4 


Index 

read- 

! inga. 


Puts of the whole 
bsrextendsd 
VyeachStoofti 


lero 




sero 




zero 




6 


•100 




6 


•090 




6 


•065 




8 


•180 


•000180 


8 


•150 


•000150 


8 


•125 


•000125 


10 


•240 


•000140 


10 


•210 


•000120 


10 


•175 


•OOOllO 


12 


•290 


•000110 


12 


•250 


•000100 


12 


•230 


•000050 


14 


•350 


•000110 


14 


•290 


•000080 


14 


•280 


•OO0050 


16 


•400 


•000110 


16 


•835 


•000085 


16 


•335 


•000050 


18 


•460 


•000110 1 


18 


•875 


•000080 


18 > 


•385 ' 


•000105 


20 


•500 


•000100 ! 


20 


•410 


•000075 


20 


•435 , 


•000100 


22 


•550 


•000100 


22 


•445 , 


•000070 


22 


•480 


•000095 


24 


•600 


•000100 ' 


24 


•485 


•000075 


24 1 


•530 


•000095 


26 


•650 


•000100 


26 


•526 


•000080 


26 


•575 


•000095 


28 


•695 


•000095 


28 


•665 


•000080 


28 


•6-26 


•000095 


30 


•740 


•000090 


30 


•620 


•000095 


30 '■ 


•670 


•000095 


32 


•790 


•000095 


32 


•660 


•000095 


82 


•715 ; 


•000090 


34 


•825 


000085 


34 


•730 


•000110 


34 


•756 ! 


•000085 


36 


•860 


•000076 1 


36 




; Full eUs- ) 
1 tidlgr. 


86 


•805 


•000090 


38 


•920 


•000095 


38 


1 


38 


•860 


•000095 


40 


106 


•000145 
ElMtieity 
exceeded. 

1 


40 






^ ; 

1 


•900 


000095 
Elaitieity ) 
perfect. \ 




1 













Mean extension per ton, per tiqaare inch. 

Bar No. 5. 0001082 
Bar No. 6. 0000957 
Bar No. 7. '0000841 



Mean 

Alean of preceding Table 



0000946 
•0000967 



Collecting the results of these seven experiments, and reducing 
them all to square inch sections, we find that the strain which was 
just sufficient to balance the elasticity of the iron, was in — 



Bar No. 1, re-manufactni%d iron, 

2, ditto, 

3, New bolt, 

4, Ditto 

5, re-manufactared, 
C, ditto, from old furnace bars 
7, New bar, by Messrs. Gk>rdon 



»» 



«« 



)) 



10 

11 

11 

10 
9-5 
8-25 

10 



tona. 



We may consider, therefore, that the elastic power of good mediurr 
iron is equal to about ten tons per inch, and that this force varie 
from ten to eight tons in indifferent and bad iron. It appears 
also (considering '000096 as representing in round number 
-jjth), that a bar of iron is extended one ten-thousandth 



I 

I U U 



of its length by every ton of direct strain per square inch of Er 
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section ; and, consequently, that its elasticity will be fully excited 
when stretched to the amount of one-thousandth part of its 
length. 

Bemarks on tJie foregoing ExpeHments. 

171. These results have an important bearing on the question 

of railway bars. We shall see, in the following section, how they 

become applicable to the investigation of the transverse strain ; 

but, at present, I shall only speak of them as they apply to the 

fixing of the rail to the chair. Amongst the numerous models 

^rhich the Directors did Messrs. Bastrick, Wood, and myself the 

honour to submit to our inspection, for the purpose of awarding 

tlieir prize, there were several in which it was intended to fix the 

rail permanently to the chair, — a very desirable object, if it could 

IxAve been safely adopted ; and it was the want of data to enable 

to decide on this point which first led me to propose this course 

experiments. The question is now satisfactorily answered. 

have seen that, with about ten tons per inch, a bar of iron is 

^"ftretched i a i 6 ot h part of its length, and its elasticity wholly 

^scited or sui'passed. Again, admitting 76° to be the extreme 

arsDge of the thermometer in this country, between summer and 

"^water, it appears, from the very accurate experiments of Professor 

HDaniell,* that a bar of malleable iron will contract with this 

rlaoge Tjhrv^^ P^^ ^^ ^^^ length. And hence it follows, that if the 

were permanently fixed to the chair in the summer, the con- 

"fc^action in the winter would bring a strain of five tons per inch 

^jmi the bar, and a strain of twenty-five tons upon the chair (the 

being supposed of five-inch section), thereby deducting from 

*le iron more than, or full, half its strength, and submitting the 

^lair to a strain very likely to destroy it. Every proposition, 

*lerefore, for permanently attaching the rail to the chair is wholly 

^'uuimissible. 

These remarks may also be carried farther; for if it be dangerous 
"^ attach the rail directly to the chair, it must be bad in practice 
^ affix it indirectly by wedges, cotters, or otherwise, beyond what 
^ absolutely essential to give it steadiness under the passing load ; 
for it is evident, that if by these means we could prevent any 
Motion taking place, we should fall into the same evil as by the 
Permanent attachment ; and if, as most probably will happen, we 
''^il of entirely accomplishing this, still all the friction which is 

Produced must be overcome by the contracting force of the iron, 

* Sea ** Philosophical Transactions." 1831. 
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and be no much strength deducted from its natural resisting 
power. 

The problem, therefore, which engineers have to solve is, " To 
find a mode of fixing the rail to the chair, which shall give 
sufficient steadiness to the former, but which, at the same time, 
shall produce the least possible resistance to the natural expansion 
and contraction of the bar." 

The quantity of motion which thus takes place is certainly but 
small, viz., about -j^th of an inch between summer and winter, 
with a fifteen-feet bar ; but the force of contraction is great, 
amounting to five tons per sectional inch for the annual extremes,* 
and frequently to not less than two and a half tons, between the 
noon and night of our summer season, while the whole power of 
iron within the limits of its elasticity does not exceed nine or 
ten tons. 

This is an important consideration, and for want of attention to 
it, or rather in consequence of its amount not having been ascer- 
tained, a practice of wedging or fixing the rails has prevailed, 
which must necessarily have been the cause of great destruction to ^ 
the bars. 

I would also state here a suggestion by Mr. Woodhouse, one of 
the candidates for the prize, as a matter deserving the attention of 
practical men, — that as the bar must necessarily contract, it will 
draw from that side which is least firmly fixed, and hence all the 
shortening will most probably be exhibited at one end, however 
slight the hold on either may be ; and when it happens that the 
adjacent ends of two bars both yield, the space between the two is 
rendered double that which is necessary. To avoid this evil, one o^ 
the two middle chairs in each bar might be permanently attache^ 
to the rail, in which case the contraction must necessarily be mai^^ 
from each end, and the space occasioned by the shortening of tt^ 
bars would then be uniform throughout, and much unnecessar^^ 
and injurious concussion would thus be saved both to the rail an ^ 
to the carriage. 

* This sliowB the necessity of having the holes in the rail oval, or larger than thos^ 
in the fish plates.— Ed. pre!<^nt Edition. 
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Experwisnts to determine (lie compamtice Beaistance of Mal- 
leable Iron to Extension (md Compression, aiid the Position of 
the Xentixd Axis in Bars submitted to a Transverse Strain. 

172. It has been already demonstrated, that if the length of a 
bar of any kind, supported at both ends and loaded in the middle, 
be denoted by I, the depth by d, the depth of tension and com- 
pression by d' and d", the tension per square inch by t, and the 
weight by w, then will 

i {d" + d') d' t = \lw, or 

d being the whole depth, and d' the depth of tension : whence, for 
any given breadth a, 



df 



depth of tenBion, and 



iT 



idat 
d" ^ d — d' the depth of compressioti ; 

^■^7, = the ratio in which the neutral axis divides the sectional 
area in rectangular bars. 

178, In order to submit these formulae to practical results, a 
strong iron frame was forged, of the form here shown. D C is 36 
inches long, 6 inches broad, by 2 deep ; the two arms 2 inches 
square, and the ends of proportional dimensions to those repre- 
sented. The other view of the arms is shown in the side figure, 
with an opening 6 inches by 3, in which the bars for experiment 
were placed, as represented by A G B ; the space between is 33 
indies. The shackles were applied at E and G, and connected by 
strong iron cables to the press ; the strain was then brought ou, 
and the results recorded. 







D 



*^ order to measure with every requisite accuracy the deflections 
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which the bar sustained, as different weights were applied, au in- 
strument of the form shown in the annexed figure was neatly and 

accurately made in iron, having two 

A i^p^ B feet, A D, B C ; the centre was 

Q ' ■ ■ "~n] **PP^ ^ receive the brass screw, 

D 5 C H S, of twenty threads to the inch, 

and the head was divided into fire 
equal parts, and by again subdividing these divisions into ten, a 
deflection of tttW ^^ ^^ ^^^ might be measured with great ease. 
The method of applying it was to rest its feet on the bar, and 
then to retain it in its place by cramps and screws. The micro- 
meter screw was then run down till it was in contact with the bar, 
and the divisions read and restored, either before any strain was 
on, or when the first slightest strain could be estimated, as stated 
in the following Table * 

The first six experiments were made on different parts of the 
bars, Nos. 5, 6, and 7, without cutting them, by introducing them 
into the iron frame above described (having 33 inches detf 
bearing), and straining them till the successive deflections showed 
a tendency to increase in amount, which was taken as a sign of the 
elasticity being injured ; and the amount of this strain having be^^ 
previously ascertained by the former experiments, they furnish th^ 
best possible data to apply to the formula for determining t^^ 
position of the neutral axis. 

* As the numbera in the second column of the following Table have been misondi 
by a revievirer of my Report, it may be well to obserre, that the reader most not nn 
i<t:ind them to be actual deOections, as it was quite aeoidental what the index read st 
o^nimencement. The actual deflections are given in the adjacent column. 
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mtgmadeio a§etrt4im ike D^^iom dvs to difltretU Transverm iSTtoiim, and 
Vei^ wkiA faU fn^tdmca a Strain eqwd to th$ Blatiie Pinter, amd thenoe ths 
Hem c/ tke Newtral Asi$, 

TABLB IIL 



PaktI. B«rNo.5. 


Part 3. Bar No. 5. 


■rinf St Inohflt. S tQches iiquAro. 


Boarfng 83 inches. 2 inchea aquara. 


In 


BaadingBbj 


DefleotionB for 


Weight in 


Readings by 


Deflections for 




•Ml*.* 


each half ton. 


tona. 


acale. 


each half ton. 


hi. 


1-96 




No weight. 


1-96 




J 


1-02 


-023 


•760 


1-92 


•020 




1-90 




1-00 


1-91 


•020 




1-90 


-016 


1-60 


1^89 


•020 




1*88 


•020 


2 00 


1-86 


•080 




1-86 


•020 


2*60 


1-84 


•020 


i 


( zetnniedio 
1 1-98 




Weighi 


) ntuned to 
( 1-95 




d. 


1 

1 


remoTed. 




t 
d. 


1*80 
1 1-88 


ElMtieiiy 
ii^ared. 


800 

Weight 

removed. 


167 
1 1*81 


) Blattidiy 
I iignred. 


FabtI. BarN 


0. 6. 


Past 8. Bar No. 6. 


la 


BMdinfcsbj 


DefleetioiiB for 


Weight in 


Readings bv 
micro, screw. 


Defleotiona for 




■eale. 


each half ton. 


tons. 


each half ton. 


Ilk 






No weight. 


•026 




1 


1-56? 


1 
1 


•60 


•043 


•018 




1-60 




1-0 


•068 


•026 




1-48 


-020 


16 


•091 


•023 




1-45 


•030 


20 


-128 


-037iiud. 




1-24 


•210 Blasiioity 
( injured. 


2-26 


•178 


•100 






2-60 


-313 


-186 


PastI. BarN 


o. 7. 


Pabt 2. Bar No. 7. 


in 


R«adiiig8l>7 


DeflectionB for 


Weiffbt in 


Readings by 


Deflections for 




micio. Bcrow. 


each half ton. 


tons. 


micro, acrew. 


each half ton. 


hi. 


•031 




No weight. 


•025! 




1 


•053 


•022 


•60 


•056 


'031 




•077 


•024 


10 


•077 


•021 




-096 


-019 ! 


1-5 


•098 


•021 




•126 


•030 ! 


20 


•109 


•Oil 




•147 


•021 i 


2-5 


•137 


•028 injured. 




•211 


-064 injured. 


3 


•180 





le fizft of these experiments the deflections were measured by a scale in front of 
ths micrometer screw not being ready. 



274 



8TRENQTH OF MALLEABLE IRON. 



TABLB llL'-(e(miinned), 



Part 3. Bar No. 7. 


Pabt 2. Bar No. 7. 
Reversed. 


WeUrht in 


Readings by 


Deflectiona for 


Weight in 


Readings by Deflections f<« 


tona. 


micro, acrew. 


each half ton. 


tons. 


miera screw, j each half t<m 


No weight. 


•075 




No weight. 


•026 




•50 


•130 




•50 


•054 


•029 


10 


•158 


•028 


10 


•092 


•088 


16 




•028 


1^5 


•158 


•061 


2 


•199 


•028 


2^0 


•235 


•082 


2-5 


•220 


•021 


KiMtieity dearly injured by the fonner 


80 


•290 


•070 iigiired. 


experiment. 



In the following experiments the iron was all supplied by MessR 
Gordon, and was of the same quality as the bar No. 7,— its elas- 
ticity may therefore be taken as 10 tons, but it was not determined 
by testing, as in the preceding experiments. 



TABLB IV. 
Bar No. 8. 




inches. 
33 



inch. 
19 



i 
& 



inches. 
2 



I 



tons. 
•125 
•250 
•500 



1 

1 

2 

2- 

2 

2 



00 
50 
00 
25 
50 
75 



•084 
•046 
•060 
missed 
•098 
•120 
•134 
•151 
•173 






•019 
•019 
•022 
•028 
•034 
•044 



RKMABKa. 



' Mean '024. 

w=2-25. 
Elasticity injured with 2 '50 T. 









Bab : 


No. 9. 




1-9 


2 


•250 


•047 










•500 


•055 


•016 


1 






1-00 


•077 


•022 








1-50 


•097 


•020 








2-00 


•123 


•026 








2^25 


•132 


•018 








2-50 


•145 


•026 


w 






2-75 


•164 


•038 








3-00 


•210 


•092 

1 





33 



Mean •021. 



w = 2-25. 

BUstidty iiijured with 2^50. 
Ditto destroyed with 3 00. 



Bar No. 10. 



83 



1-9 


2 


•500 


•056 








1-00 


•076 


•020 






1-50 


•095 


•019 






2 00 


•124 


•029 






2-50 


•151 


•027 






3 00 







Mean •024. 
io=»25. 
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It appears from these experiments, that both parts of the bar 
No. 5 (whose direct elasticity was 9*5 tons) had their restoring 
power just preserved with a transverse strain of two and a half 
tons on a bearing length of 33 inches. Hence in the formula 

d' - r^~ we haTe / = 83, w = 24, rf = 2, a = 2, < = 95, 
Kdai 

and cZ' =:1*62 inch, depth of tension. 

Consequently d"='38 inch, depth of compression, and 
the ratio of the area of compression to tension ... 1 : 4*3 
In the first part of bar No. 6, te; is not quite 2 tons, 

and i = 8'5 tons ; and hence the ratio 1 : 2*7 

In the second part of the same bar, ditto 1 : 2*7 

In the firet, second, and thiixl parts of bar No. 7, t^ = 2 j- 

tons, and f = 10 tons 1:34 

As far as these experiments are authority, therefore, the neutral 
ac8 divides the sectional area of a rectangular bar in about the 
ratio of 1 to 3 J. 

If the usual formula were applicable to these experiments it 
would be inferred that the neutral axis divides the sectional area 
of a rectangular bar unequally, but subsequent experiments on a 
ntuch larger scale (see page 136) have shown that the neutral axis 
w in the centre, and that consequently there exists some other 
Cftuse of resistance in a bar strained transversely than is due alone 
to the direct resistance of the metal ; this additional resistance has 
^n named the resistance of flexure, and it forms an important 
dement in the strength of cast iron. 



Position of the Neutral Axis. 

174, The position of the neutml axis in a bar of iron of rect- 
angular section was for a length of time involved in doubt from 
tile circumstance that the tensile strength of iron, whether wrought 
or cast, as ascertained by straining a straight bar in the direction 
^ its length, did not accord with the tensile strength when calcu- 
^^ted for the action of a transverse strain. This want of accord 
*^ to the supposition that the neutral axis was above, that is 
*^«arer to the side under compression than the centre of the section, 
^Jid the position so deduced appeared to receive confirmation from 
^^ experiment made by Professor Barlow, which he thus describes : 
With this view a key-way or groove was cut in the side of the 
*^, 1 inch broad and 1-lOth of an inch deep, — ^thus reducing the 

T 2 
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breadth to 1*9 inch. To this key-way, or groove, was fitted a steel 
key, which might be moved easily ; and when the strain was on, 
the key was introduced, which it was expected would be stopped 
at the point where the compression commenced, and this was ac- 
cordingly found to be the case in two out of the three bars, but not 
in the third, the fitting not being sufficiently accurate. The other 
two, however, showed obviously a contraction of the groove, at about 
half an inch from the top, agreeing with the preceding computa- 
tions. To make the results more certain, three other bars, exactly 
like the former, had deeper grooves cut, and the key more exactly 
fitted, and with these the results were as definite as could be 
desired. The key, as above stated, moved smoothly and easily 
before the experiment ; but when two tons' strain was on, and the 
key applied, it was stopped, and stuck at a definite point. The 
strain being then relieved, the key fell out by its own weight : the 
strain was again put on, the key sticking as before : the strain being 
relieved, the key again fell, and so on, as often as repeated Pre- 
cisely the same happened with all the three bars. One of them 
was then reversed, so that the part which had been compressed was 
now extended, and exactly the same result followed, showing, most 
satisfactorily, that our former computed situation of the neutral 
axis was very approximative ; the measurements obtained in these 
experiments being tension 1*6, compression '4, giving exactly the 
ratio of 1 to 4 in rectangular bars." It will be observed that this 
experiment was liable to error from the circumstance that the key 
was necessarily made to move edaily, and therefore some space 
existed betweeen it and the groove in which it moved, the extension 
or compression being in those experiments extremely minut« 
quantities, the bar being only 2 inches in depth, the small space 
between the key and groove distended the result and caused the 
key to travel too far up the groove when the metal was un*i^^ 
small strains. That the action of the key was so affected appeii-^ 
corroborated from an observation made by Professor Barlow at t^® 
end of these experiments. This observation is as follows : — 

"A curious circumstance was observed in these experiraei^'^' 
which, although it has no immediate bearing on the subject ^ 
question, it may be well to notice, and which is, I apprehel^*^' 
characteristic of good malleable iron, viz., that the resistance '^^ 
compression, although so much greater than the resistance to ^^' 
tension, is the first of the two which loses its restoring power ; ^'^^ 
if we so far increased the strain as to overcome the elastic poi^""^* 
the point of compression descended to nearly the middle of ^•^ 
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epth, proving that the tensile force, although so much less, is the 
lost tenacious." 

It thus appears that when the strains were large the neutral 
cis descended to nearly the middle of the bar. The actual 
osition of the neutral axis both in wrought and cast iron of 
x^ngular sections has been fully established by the large and 
>nclu8iTe experiments made by W. H. Barlow, F.RS., upon beams 

feet long and 10 inches deep,* and communicated by him to the 
Philosophical Transactions." These experiments established be- 
ond any doubt, that the neutral axis both in vrrought and cast iron 
I in the centre when the section is rectangular. 

^ ihe Stiffness of Rectangular Iron Bars, and their Deflections 

under different Weights. 

176. Although it is necessary to know the actual resisting 
ower of bars in their ultimate state of sti*ain, in order to deter- 
line the relative strengths of differently shaped bai-s, yet the 
uestion of most practical importance is, the stiffness they exhibit 
'hen loaded with smaller weights ; for we ought never to strain a 
ar so nearly to its full power of bearing as to make the ultimate 
trength the immediate subject of inquiry. 

The experiments recorded in the last section are applicable to 
•his purpose ; but as these were all made on bars of the same 
lepth, it was thought more satisfactory to make a few other ex- 
periments on bars of different breadths and depths. These are 
p^en in the following page. They were performed precisely like 
the last, and therefore require no particular description. 

* See pangnph 133, p. 136. 
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BXPBBIMBNTS 
On tJU D^fUetim o/MalUaUe Iron B<iin^ wider Diffennt Straint, 

Baa No. 11. 



si 



42 

I 



Q53 




Bjcma&ks. 



inches. 
83 



inch. 
1-5 



hM. 
8 



tons. 
•125 
•600 
1-00 
1-60 
2 00 
2 50 
8 00 
8*50 
4-00 
4*60 



•043 
•059 
•074 
•083 
•096 
•101 
•109 
•120 
•181 
•148 



•015 
•009 
•012 
•006 
•008 
•Oil 
•Oil 
•017 



V Mean -0103 



« =3 4i. Nentral axii 1 : 4*9. 
Klatiicitj preserved at 4^ tons. 



Bak No. 12. 



83 



1-5 


3 




•60 

1^00 



•017 
•037? 










1^60 


•052 


•016 


•< 






2 00 


•061 


•009 








2-50 


•064 


•003 








3-00 


•078 


•014 








8-60 


•089 


•on 








4 00 


•102 


•013 


J 






4-60 


•124 


•022 





Mean '0108 

« = 4J. Nentral axis 1 : 4*9. 
Blasticity injured. 



Bar No. 13. 



33 



1-5 



2-6 




•50 
1-00 
1-50 
2-00 
2-50 
3-00 
3-50 
7-50 



•006 

•030 -024 

•050 -020 

•060 •OlO 

•074 ^014 

•093 -019 

•110 -017 
•149 

Bent 8 inches. 



|>Mean •0178 

I 

j w = 3. Nentral axis 1 : 4 9. 
Blasticity preaerred, 3 tons. 



To obtain the law of deflection from these results, we may ha^^ 
recourse to two well-known and well-established formulae (Arts. ^S 
and 63), viz. 

l^ ==S,and ^f\. =B, 



iacP 



16 ad? 9 



which are both constant quantities for the same material, w heit:^ 
the greatest weight the bar will bear without injuring the ela-^ 



LAWS OF DEFLECTION. 279 

oonflequently, when I is also the same in both, d b will be 

Qstant, a being the breadth, d the depth, and 8 the deflec- 

!liat w, all rectangular bars having the same bearing length, 

ded in their centre to the full extent of their elastic power, 

so deflected, that their deflection (d) being multiplied by 

$pth ((2), the product will be a constant quantity, whatever 

their breadths or other dimensions, provided their lengths 

sama 

us see how nearly our several results agree with this 
>n. 

le several bars, Nos. 8, 9, 10, 11, 12, 13, multiplying the 
leflection for each half ton by the number of half tons 
ixcited its whole elasticity, and this again by the depth of 
, we find 



Vo. l; «llima*e deiMtioB 


•108 X 


deptk 2 B -2180 


Ho. 9 ... 


•094 X 


„ 2 - -1880 


Va 10 . 


•120 X 


„ 2 - -2400 


Vo. 11 ... 


•0876 X 


„ S - -2828 


Na 12 . 


•0918 X 


„ 8 - -2754 


No. 18 


•1088 X 


„ 2i » -2695 
8)1^4417 



UcAB -2408 

e is rather a large discrepance in bar No. 9 ; the others 
approximative to the mean as can be expected in such 

3 make the same trial on the three parts of bar No. 7, we 

Mptft . . -116 X 2 » '2320 

2iidp«i . . . 105 X 2 - '2100 

drdport • 'lU X 2 - '2800 



H«M1 

Former meon 


8) -6720 

•2240 

. . -2408 




2) '4648 



Goneral moaa .... '2821 

nay therefore say that any malleable iron bar of 33 inches 

, being strained to its full elasticity, will be so deflected, 

depthy multiplied by the deflection due to 30 inches, will 

•23 

) '23 ; consequently -^ = the deflection, d being the whole 
n inchea 
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ExtracU from Reports addressed to the Directors of the XoTuton 

and Bi/rminghaya Railway Company. 

176, The contraction of iron between summer and winter 
amounts to the yinnr^^ W^ ^^ ^^ length, and as, when stretched 
the TTnrv^h P*^ of i^ length, in which case it is strained with ten 
tons per inch, its elasticity is injured, it follows that the bars 
cannot be fixed permanently to the chairs and blocks without 
great danger of drawing so much upon their strength, as materially 
to impair their efiiciency for bearing a passing load. 

The parallel rail, formed according to the requisite proportions, 
is decidedly the best 

The whole depth of a rail should not be less than 4 J inches ; 
the thickness of the middle rib should not exceed that which is 
essential to the perfect manufacture of the bar; and the lower 
web should be made of the best form for giving to it a steady 
bearing in its seat. 

A difference of level at a joint chair between the two abutting 
rails of only -yJj^th of an inch will, when the carriage is moving 
from the higher to the lower level at a speed of 30 miles per hoiUi 
cause the wheel to pass the distance of a foot without pressing o^ 
the rail 

It is strongly recommended that all rails should be proved axid 
gauged before being received as efl&cient 



Experivients on the actual Strength of Railway Bars of vario "^^ 

Forma and Dimensions. 



177. Having in the preceding pages investigated every circui 
stance which has a theoretical bearing on the question of t -^* 
strength of malleable iron generally, and as applied to raih^ -^.i 
bars in particular, the following trials on the bars themselves w 
be useful as offering the best means of comparing the rules wl 
actual experimental results. 

The following experiments have been made subsequently to t — 
publication of my Report to the London and Birminghj 
Directors. 



EZFEBWEKTS ON RAILWA.T BABS. 
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Sedum ^ 
Weight 60 Iba. per jAid. 



Straighl-Umtd RaU. 





nn — 





n n 

n$ 

nx 
kx 
h$ 



2-25 

1-6 

4 

•5 
1 
4-5 



179. Report of Eocperiments made with the Proving Engine i^ 
the Royal Dockyard, Woolwich, to ascertain the Strevigth a't^ 
Stiffness of Three Specimens of Railway Bars designed f^ 
tJie Southampton Railway. 

Fig. of Section as in next pege. 

Present, — CoL. Henderson, Acting Director ; Mr. Giles, 
Engineer ; and Wm. Reed, Esq., Secretary. 

The experiments were made precisely in the same way as ^ 
described in my Report addressed to the Directors of the honiC^^ 
and Birmingham Railway Company, except that, in consequen^^ 
of the greater breadth of the lower flange, the frame I had hithei ^^ 
used was too narrow to admit the Southampton rail Anoth^^ 
frame was therefore made by Messrs. Gordon and Company fC^^ 
the purpose ; like the other frame, except in the above particula — ^l 
and that the opening of the frame to form the points of bearin 
was by mistake made 34 inches instead of 33 inches. For t 
sake of comparison, I have therefore reduced the observed strengt 
to 33 inches' bearing ; and also, as the engineer proposes, to hav^^^^^ 
the chairs 5 inches long, giving only a bearing of 31 inches clea:^-^^' 
I have also reduced the strength to this bearing. The deflectio 
requires no correction, being measured by the same instrument 
and the observed deflections are those which take place betwee 
the feet of the instrument, independently of the points of bearin 
The following are the details of the experiments. 
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Section. 



Depth of nil, 8i inches. 
Thieknen^ centre rib^ '8 inch. 
Breftdth, lower flange, 84 inchei. 
Dn»th<tfditto^ •dinch. 
Wdght^ 67 Ibi. per yard. 




BtfNo. 1. 


BerNo. S. 


Bar No. 3. 


0^ 


Index 


Deflection 


Strain. 


Index 


Deflection 


Strain 

• 


Index 


Deflection 


"wT 


readings. 


per ton. 


readings. 


per ton. 


readings. 


per ton. 






tons. 






tons. 






9 


•076 




2 


'048 




2 


•030 




z 


•087 


•Oil 


8 


•052 


•009 


8 


•040 


•010 


4 


•097 


•010 


4 


•066 


•014 


4 


•052 


•012 


5 


•110 


•018 


6 


•077 


•Oil 


6 


•065 


•018 


6 


•122 


•012 


6 


•094 


•017 


6 


•076 


•Oil 


7 


•187 


•016 


7 


•109 


•015 


7 


•093 


•017 


8 


Qnitt dertn^ed. 


8 


•187 


•026 


8 



•116 
•167 


•023 
•051 



The above bars were in T^-feet lengths, and the experiments 
^eie ail made on their middle point. In the following, the 
experiment was first made on the middle of the length, and then 
on the middle of one half-length. 



Middle, Bar No. 4. 


HalMength, Bar No. 4. 


tcu. 

2 


Indsz 
leadings. 


Deflection 
per ton. 


Strain. 


Index 
readings. 


Deflection 
per ton. 


•041 
•068 
•068 
•071 
•077 
•088 
•108 


•012 
•010 
•008 
•006 
•006 
•016 


tons. 
2 
8 
4 
5 
6 
7 
8 



•014 
•024 
•080 
•041 
•054 
•070 
•094 
•166 


•010 
•006 
•Oil 
•018 
•016 
•024 
•076 

m 



From the above results, it appears, that the mean strength of* 
^ bars camiot be stated at more than 7 tons, four out of the five 
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bars showing indications of weakness with that weight 
is with 34 inches' bearing. 

tODM, 



But this 



This redoced V> 38 inches, gives 






and redaoed to 31 inches 
Mean deflection, estimated per ton 
Deflection with 8 tons. 



n 

•oil 

•033 



180. Report of Experiments made with the Promng Machine in 
His Majesty s Dockyard, Woolwich, on Three Bars of Iron sent 
as Specimens for the Railvxiy Bars of the London and Soath- 
ampton Railway. Dec, 26, 1835. 



Eqaivalent rectilinear 
dimensions of the section. 



Head 2\ inches by 1 inch deep. 
Whole depth 4 inches. 
Thickness, middle rib ] inch. 

Lower web \^^^^ ^<>- 
^Lower wen | greadth 34 inches. 

Mean weight per yard 60 lbs. 



The experiments were performed exactly in the same mannet 
as described in my former Report, in the presence of Colonei 
Henderson, RE., P. Giles, Esq., Engineer, and W. Eeed, Esci- 
Secretary. 

The bearing distance in the frame made for the London kcx^ 
Southampton Railway experiments being 34 inches, and the franco 
on which my other experiments were made being only 33 inchc3= 
I have determined the strength for 33 inches by computation, th ^ 
these strengths may be more readily compared with the bars, * 
which the experimental results are given in my printed Report 
I have also found the strength at 31 inches, the bearing propose 
by Mr. Giles. The deflections require no correction. 

EXPERIMENTS ON BAR No. 1. 
Weight of 9 feet . .179 lbs. 





Position of bar direct. 


Strain left on S houra ; experiment repeater 




First trial 


1 


in the same place. 


strain iu 


Index 


Deflections with 


Strain in 


Index Dcflecticms wit 


tons. 


readinj^s. 


each ton. 


! tons. 

1 

1 2 


readings. each ton. 


2 


•030 




•037 




3 


•0325 


•0025 


3 


•042 


•005 


4 


•034 


•0015 


■ 4 


•045 


•003 


6 


•037 


•003 


5 


•0515 


•0065 


6 


•043 


•006 


1 6 


•056 


•0045 


7 


•0475 


•0045 


1 7 


•063 


•007 


8 


•057 


•0095 


8 


•070 


•007 


9 


•065 


•008 


9 


•075 


•005 


10 


•0765 


•0115 


10 


•083 


•008 








11 


•092 


•009 








; 12 

1 


•132 


•040 
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ftppeanty fiom thesie experiments, that although the bar shows 
stiflhess with the first strains, it yields considerably to the 
trains, and that it had taken a permanent set with 1 tons. 



tto 



fm ton of ihu b«r, taken between 5 and 10 toni, 
ditto Snd •xperimeat 



Ifli czpcriBeai 



Mean •trength 



Mean 

10 tons at 84 inchei. 
10| tons at 88 incbca. 

1 1 tons at 81 incbet. 



•007D 
-00S8 

•0071 



try the effect of the lower web, the bar was reversed in 
on, and another part submitted to the strain. 



Position Rerened. 




Stnia in tona. | Index rettdinga. 


Defleetione with each ton. 


8 -012 


1 


S 


•016 


1 -004 


4 


•024 


•008 


5 


•027 


•008 


6 


•081 


•004 


7 


•086 


•005 


S 


•041 


•005 





•061 


•010 


10 


•067 


•016 


11 


•082 


' -016 


12 


•125 


•048 


Mean Iwtwecn 5 and 10 tons 


•008 



SZPBRIMBNTS ON BAR No. 2. 

DIBBCT AND REYEBSED. 

Weight of 9 feet .. 181 Ibt. 



Pueltifon dbrcctk 

1 


Position rerersed. 


in 


1 
Index . Deflections with j 


' Stninin 


Index 


Deflections with 


L 


readinge. efwhtoo. 


tons. 


readings. 


each ton. 




•085 


2 


•041 






•040 • 005 


8 


•047 


•006 




•045 005 


i 4 


•052 


•005 




•049 


•004 


1 5 


•061 


•009 




•055 


•006 


1 6 


•0655 


•0045 




•062 


•007 i 


7 


•072 


•0065 




•072 


•010 


8 


•077 


•005 




•0795 


•0075 


1 9 


•0825 


•0055 




•086 


•0065 i 


10 


•0905 


•008 




•0905 


•0045 


11 


•099 


•0085 




•105 


•0145 


12 


•118 


•014 


1 -127 


•022 


18 






ibd 


twaea 5 and 10 


torn -0074 ' 


1 Meanbd 

1 


tween 5 and 10 to 


08 . ^0050 
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EXPRBIHBNTS OV BAB Ho. 8. 

BOTH DIBBOT. 

Weight of feat . . 179 Ibi. 



FMltion directs 


Fotitioa direct. 


Strain in 
tons. 


Index' 


Defloetkiu with 
eMh ton. 


Btnin in 
ton. 


Index 
nedingi. 


DefleetioDi with 
eeditoB. 


2 

S 
4 
6 


•037 
•044 
•052 
•056 


•007 
•008 
•004 


11 

5 


Them reodingi wen miMed, tbd 
Btmin being brought on t»i 
qnicklj. 
•081 


6 


•064 


•008 


6 


•040 


•009 


7 


•070 


•006 


7 


•046 


•006 


8 


•0765 


•0065 


8 


•052 


•006 





•084 


•0075 


9 


•060 


•008 


10 


•089 


• •oos 


10 


•0685 


•0085 1 


11 


•096 


•007 


11 


•077 


•0085 \ 


12 


•107 


•Oil 


12 


•084 


•007 


13 
tfeonbeti 


•127 


021 


18 
,Meuibeti 


•105 


•021 


reen 6 and 11 i 


AOB '0064 


reen 6 and 11 toni • •0074 



< - 





84 in. benitog. 




Tone. 


Bae No. 1 


10 


No. 2 


11 


No. 8 


12 



GENERAL XBAV BBBTTLTS. 

Meen Stzength et 

38 incliee. 81 indiee. 

Tone. Tone. 

11 
12 

13* 




deflection. 
Ferton. 

•0071 
•0074 
•0069 



181, RepoH of Experivieiita made on Three Bars, for the Souti 
ampton Railway Company, from the same Iron ^Vorks as U 
first set March 12th, 1835. 

Present, W. Reed, Esq., Secretary. 

inchee. 

I Depth 84 Breadth of centre rib . 

{ Depth of lower flange • . . *6 Breadth of lower flange . 

Weight 57 lbs. per yard. 



-fc- 




ts 



00 



1 

2 
8 
4 
5 
6 
7 
8 
9 



Index 
readings. 



•0575 

•0680 

•0790 

•0900 

•0970 

•106 

•120 

•128 

•149 



Deflection for 
each ton. 



•0105 
•0110 
•0110 
•0070 
•0090 
•0140 
•0080 
Destroyed 



s 






~3 


a 5 


Index 


Deflection for 


1 

CD 


is 


readinge. 


each ton. 


\ 1 


•0060 






2 


•0160 


•0100 




8 


•0250 


•0100 




4 


•03(50 


•0110 




5 


•0450 


•0090 




« 


•0540 


•0090 




7 


•0660 


0120 




8 


•0880 


•0220 




1 9 

1 


•109 


Destn^yed 





3 ' Index 
ts '. readings. 



1 


•0840 


2 


•0420 


8 


•0460 


4 


•0610 


5 


•OdOO 


6 


•0700 


7 


•0860 


8 


•110 


9 


•190 



Defloctji 
ton 



•0080 
•0040 
•0050 
•0090 
•0100 
•0160 
•0240 
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By comparing the above results with those obtained on the bars 
rst tested, the strength and stiffness will appear to be very nearly 
le same, except bar No. 1, which retained its elasticity with 8 
>n8. Bars No. 2 and No. 3 cannot be said to have borne more 
lan 7 tons at 34 inches' bearing ; but reduced to a bearing of 31 
iches, the strengths will be as follow : 



Bar Ko. 1. Strengtli at 81 inchea* bearing 
No. 8. do. do. • 

No. 3. do* do. • 

Bar No. 1. Deflection 8 tona 

Na 2. do. do. • • • 
No. Zm do. do. • • 



tons. 

7l 
•024 
•023 
•020 



It appears, therefore, that No. 1 is the strongest bar, and No. 3 
le stiffest. Upon the whole, the bars are nearly the same as 
loee first sent ; as will be observed in referring to my Report on 
em. 

I believe that some improvement was attempted to be made in 
e manufacture of these bars, but it is clear that the metal itself 
defective. And nothing, perhaps, could have better proved the 
curacy of the rules I have given, nor the propriety of testing the 
« when delivered from the maker, as reconmiended in my first 
dport to the Directors of the London and Birmingham Railway, 
«n the preceding experiments. 



182, The following are experiments made on two specimens of 
m in bars of 75 to 77 lbs. per yard, intended for 5-feet bearings. 

Eport of Experi/ments made on the Testing Machine i/n his 
Majestj/s Dockycurd, Woolwich, on two Specimens of Railway 
Bars, viz. 

Two bars, maker not known. 

Two ban, from MeBsrs. Solly, beat patented. 
'Section, double flange with centre rib, similar to fig. Art. 178. 

Greatest breadth of flange 2*6 inches. 

Mean depth H inch. Whole depth of rail 5 inches. 

Mean breadth of flange 2 '125 inches. 

Thickness of centre rib '85 inch. 
.Wdght not stated, bat about 75 lbs. per yard. 



First 



B«l 



'The aame dimensions, rather more ftdl. 
Thieknesi of centre rib '9 inch. 

Weight <tf one of these bars, S cwt. 1 qr. 20 Iba., or 77 lbs. per yard ; of the 
ofiier, S cwk 1 qr. 12 lbs., or 754 lbs. per yard. 

The experiments were performed as before, except, that in con- 
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sequence of these bars being intended for 5-feet bearings, the iron 
frame was obliged to be altered ; and that it might answer both 
for those bars designed for 4-feet bearings as well as 5-feet, it ^ras 
lengthened to 4 feet 6 inches, and proportionally strengthened, 
which, as I understand the experiments to be only comparative, 
seemed to answer both cases without having a new frame made. 

The diflference in the strength of the two specimens, it will be 
seen, is very considerable, although the stiffness at fii-st is nearly 
the same : the first specimen is, however, rather the stiffest, but 
the other much the strongest ; the elasticity or restoring power 
being preserved up to a strain of 10 tons in the latter, and only t<: 
Si tons in the former, at a bearing of 4 feet 6 inches. On reducing 
both to 5 feet bearing, we have for the greatest load that can b 
safely borne, 

tons. 

First specimen 7 '65 

Best patented 9'00 

But the deflection per ton with 

inch. 

First specimen '0165 

Best patented *0175 

In the computation I made in my last Report, it was intend • 
the bars should bear 8 tons, at 5-feet bearings. It appears, thei 
fore, that the strength of the former is rather less than ought to 1 
expected of good medium iron, and that the other is in excess 
strength 1 ton. 

The following are the experiments from which these deduct ioi 
have been made : 



FIRST SPECIMEN. 

Bab No. 1. 

Strain Index Defleotioa 

iu toiu. readings. per ton. 

1 

2 -060 

3 -067 -017 

4 -075 '008 

5 -092 '017 

6 -107 -015 

7 -122 -015 

8 -142 -020 

^ ItfS -023 iDJured very little. 



j Elasticity 

10 < quite '016 Mean deflection per to 

( destroyed. 







Bab No. 2. 


BIniii 


Index 


Dofloetloi 


latoiw. 


rwMlingfc 


per ton. 


1 






S .... 


... -082 




W ••• 1 


... -045 . 


^013 


• ••• < 


... -062 . 


-017 


V ••• • 


... ^085 . 


023 


" ••« < 


... ^102 . 


-on 


§ ••• t 


... ^121 . 


-019 


8 .... 


... -186 .. 


-015 Mean per ton '017. 


9 ... 


... -171 . 


-085 


10 .... 


... -255 .. 


-084 



£89 





BEST PATENTED. 






Bab No. 1. 


1 

2 ... 


Weighty 


8 owt. 1 qr. 20 Ibf • 


... -oso 




8 ... 


... ^045 .. 


.... -009 


4 ... 


... •066 .. 


.... -021 


5 ... 


... •086 .. 


.... -020 


6 ... 


... •006 .. 


.... -010 


7 ... 


... -110 .. 


.... •OH 


8 ... 


... ^128 .. 


.... ^018 


9 ... 


... -149 .. 


.... ^021 


10 ... 


... •168 .. 


.... -019 


11 ... 


... ^188 .. 


.... -020 ]fe«B per ton '017. 


12 ... 


... ^210 .. 


'023 



Bar No. % 
Weigliti 8 cwi. 1 qr. 12 Ibf. 



1 






2 ... 


... -054 




8 ..., 


... -064 ... 


... •oio 


4 ... 


... ^084 ... 


... -020 


5 ... 


... ^105 ... 


... ^021 


6 ... 


... -120 ... 


... ^015 


7 ... 


... -140 ... 


... -020 


8 ... 


... -161 ... 


... -021 


9 ... 


... -180 ... 


... -019 


10 ... 


... -207 ... 


... ^027 


11 ... 


... -244 ... 


... ^037 


12 ... 


... 815 ... 


... -071 



QU Dindan qftks Limdon and Birmmgham RaUway Oimpamy. 
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Woolwich, Oct. Slit, 1836. 

183. Seport of ExperimenU on Two RaUwajf Bart reeehtd October 27th; manufac- 
turer's name not ttated^ nor the weight, hut by tk* teetion about 65Vba. per ford. 
JDouble^ange, tn&o^e depth H ineket, intended for 4-/mC bearmge. 

Tested at 44-feet beariogi, the nme u thoie tested on the 26th and 27th instani 





BarNaS. 




Bar Na 1. 


Strain 




Deflection 


Stnin 


Index ! 1 


in tons. 


. Index reading!. 


per ton. 


in tons.' readings. 


Deflection per toa 


1 
2 


•048 




1 
2 


•064 


• 


3 


•072 


•024 


8 


•082 


•018 


4 


•091 


•019 


4 


•105 


•023 


5 


•110 


•019 


5 


•126 


•020 


6 


•181 


•021 


6 


•145 


•020 


7 


158 


•022 


7 


•165 


•020 


8 


•177 


•024 


8 


•186 


•021 


9 


•199 


•022 


9 


•211 


•025 


10 


•222 


•028 








11 


EhMticity deatrcyad. 




10 -275 


•065 E1aiUeit7 gone- 


Mean deflection i)er ton. 




Mean deflection per ton. 


Bar No. 1, -022 inch 




Bar No. 2, -021 inch. 



Mean strength of the two ban 9^ tons, at 4 ibet 6 inches bearing, or 10*2 tooi at 4 ftcL 



The Directors cannot but observe the striking fact elicited by 
these and the preceding experiments on the bars Nos. 1 an^^ 
2 ; viz. 

That 65 lbs. per yard is 1 ton stronger at the same bearing dis- 
tance with these bars than with the other at 75 lbs. per yard ; tto^ 
is, with 13J per cent, less weight there is 12 per cent., very nearly, 
more strength. Now, whether this proceeds from a diflerencc of 
the ore, a difference in the mode of manufacture, or from the diffi- 
culty of manufacturing such large bars, I cannot tell ; but it is a 
question w-hich appears to me to be veiy deserving attention. 

Taking into account the difference in the depth of the two speci- 
mens, the proportional stiffness is very nearly the same. 

These experiments, again, as compared with the preceding, show 
the strong necessity of some mode of testing ; as a Company may 
otherwise be liable to purchase bars at a great expense actually 
weaker than others of less cost, not only in the gross, but per ton ; 
for I have since learned that these latter bars were bought at less 
per ton than the former. 
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MISCELLANEOUS EXPERIMENTS CONNECTED WITH 

RAILWAYS 

(EadratUd from a Second Report addrtued to the Dirccton of the London and 

Birmiugham Railicay Company,) 



184. Thb first and most important point which required to be 

decided was, the strength of iron necessary to insure the most 

ample safety, at any practicable speed, with any given load and 

given length of bearing. The strain which any quiescent load 

impresses on a bar, is, I think, now well known ; but what is the 

effect of velocity ? This was one of those questions on which I 

found opinions greatly divided ; and it was a question, perhaps, 

considered merely hypothetically, in which there was great room 

for doubt. My first object, therefore, was to reduce it to a matter 

of experimental fS^ : this rendered it necessary to construct an 

instrument for the purpose, and I feel myself much indebted to 

Mr. Song, of the Liverpool Gas Works, for the ready attention he 

paid to my suggestions, and for the ingenuity he exercised in giving 

it its first form, the whole of which was left to his own invention, 

after being simply informed of its object, and the general mode of 

its intended operation. 

This instrument, which it is proposed to call a defledometer, is 

represented in plan and elevation in the following diagram. A B 

is a plain board about 27 inches long and 6 inches broad, with two 

pillars or standards, one of which is seen in the elevation ; and 

between them is suspended the lever D E by screw points, divided 

in C, in the proportion of 10 to I ; O H is a slightly inclined stout 

wire, on which slide the two indexes i, i, but with sufficient firiction 

to remain in their places. 

The manner of using the instrument is by levelling the ground 

under the centre of the rail, and placing the point E under its 

lower edge ; the preponderance then being on the side of the long 

u 2 
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arm, the point E is kept io contact with the lower edge of ilie b 
and the lower index t is moved up to the metal plate h ; 1 



+ 



upper one is then, in like manner, brought down and placed in 
contact also. It is obvious, now, that wttatev^ deflection the i^ 
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oatain during the passage of an engine, or a train of waggons, 
iex i will be lifted ten times the quantity the bar is deflected, 
•mulling in ite place, the greatest deflection the bar has 
led will be truly and distinctly indicated. 
unproved form of this instrument ia represented below, 
le principle of its action is the same. We found in the 




nstniment an inconvenieDce from the index being so near 
roond, and in order to avoid this, the late Mr. W. Gilbert 
it the form shown in the figure. The register here is by a 
I vernier on an arc ; the latter also being raised, the result 
le read with great ease and convenience. Tbe upright stand 
Dg the arc is a brass tube which fits tightly over a brass pin 
3 base-board It may, therefore, be easily removed, and the 
packed very close for convenience of carriage. 
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JExperimeiiis made vrith a view to ascertain the Strain which 
a Load in rapid Motion produces upon the Rail over ichich H 
jHisaes, in oi^der to compare the saws with the knovm Stmin 
produced by an equal quiescent Load.* 

186. Mr. King's little instrument was admirably suited to this 
inquiry, for by this the greatest deflection the bar sustained, from 
whatever cause it proceeded, was accurately registered, and by 
comparing this deflection with the experiments made on the same 
bar with quiescent loads, the effects due to velocity, and those 
proceeding from irregularities in the joints, &c., became known, at 
least in the aggregate, and this aggregate is of course the strain 
against which it is necessary to provide. 

Experiments on the central Deflection of Railway Bars during 
the parage of a heavy Load at different Degrees of Speed, m\A 
on different Lengths of Bearings. 

186, Our observations were commenced in and near the cutting 
at Wavertree Hill, in rock cutting, the ground being as sound, and 
the bearings as firm, as in any part of the line. 

The first trials were made on the Grand Junction Rail laid down 
in May, on 3 feet 9 inches bearings. The weight of rail G2H)s. per 
yard. A deflectometer was accurately placed under each of fonr 
bearing lengths — one having been selected next the bearing eni, 
the other three were middle lengths. The following were out 
recorded observations : 

FIRST EXPERIMENT. 

With the passage of the Speedwell engine and train, i\^ 
medium velocity, or about 20 miles per hour : this showed — 

Deflection of joint length .. '0625 inch. 

Ditto middle length ... ... '0425 ) 

Ditto ditto -0400 V mean -OiOS 

Ditto ditto -0400) 

SECOND BXPBEIMENT. 

With the Swiftsure engine, furnished for the experime''^^* 
weight on driving wheels, 5 tons 16 cwt. ; velocity about 20 tn^'*' 
per hour. 

Deflection of joint length '0800 inch. 

Ditto middle length •0320) 

Ditto ditto -0400 > mean 'OSSO 

Ditto ditto -0420) 

* The experiments were made in 1835. 



a 
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THIRD EXPERIMENT. 

The same engine^ very slow : 

Defleelioa of joint length '040 inch. 

Ditto middle length -024 

Ditto ditto -625 } mean -027 

IKtto ditto '032 

FOURTH EXPERIMENT. 

One tiift], qoite at rest '040 

The mean of the aboYe three means ia '0358 

To compare this with the mean deflection of such a bar, with a 
iescent load, I may refer to the experiments on the same bars at 
oolwichy forwarded for the purpose by the Directors of the Grand 
nction line (Art 178), by which it appears that the mean deflec- 
n per ton, at 33 inches clear bearing, was *0050 ; consequently, 
three tons, '0150 ; and reducing this to the clear bearing of 
— 3=42 inches, we have as 33* : 42» : : 0150 : 0314, the de- 
ction with three tons at rest ; and the mean of the preceding 
Sections in motion is 0353, a close agreement, which shows, 
it when everything is well fixed and secure, the deflection, and 
isequenUy the strain, is nearly the same, whether the load be in 
)tion or at rest, and that each rail is only pressed with half the 
sight of one pair of wheels. 

Ea^pervmente on the aa/me Bars at Five-feet Bearing. 

FIFTH BXPERIBiENT. 

flWlRBaU IHGnri.— TILOCITT ABOUT TWIITTT-TWO MILE8. 

▼.=22. v.=22. ▼.=22. 

Deflection, middle length '093 077 080 

Ditto joint length *083 080 123 

Ditto ditto '108 -148 '130 

Ditto middle length 082 *070 '077 

WITH OESAIVl VKL0CITII8. 

Speedwell. Fury train. 

▼.=80. ▼.=82. ▼.=23. 

Defleetiotty middle length ... *112 

Ditto joint length *080 

Ditto ditto '250 

Ditto middle length '091 

In obtaining a mean from these results, the deflections on the 

lit lengths are, as in the preceding case, rejected, being obviously 

excess. The mean of the rest, that is, of the central length, 

•089. 

Id my experiments at Woolwich, tlie deflection per ton at 33 



122 


•083 


105 


•086 


120 


•095 


115 


•086 
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inches bearing being "0050, or, for 3 tons, "0150, we have, deducting 
3 inches from 60, to obtain the dear bearing — 

88« : 67» : : -0150 : •079, 

while the rh^n determined by the deflectometer, as we have seen, 
is -089. 

Nothing can be expected much more satisfactory ; as it is tbus 
proved, independently of any opvaion^ that while the blocks and 
fixings are secure, the strain from a passing load is but little in 
excess of that from a quiescent load : whereas the effect on the 
joint ends amounts, from a mean of the preceding, to •121, being 
in excess nearly 40 per cent. This, however, is not all strain, part 
being due to the looseness of the chair or block. 





BWirrSTTRB ENGINB. 








Defloctions in parts of inch<M. 






Joint length 


•120 -120 -105 -le?* 


•177» 


•105 


Ditto 


•120 '084 '098 -090 


•080 


•098 


Middle length 


•125 -110 -130 -130 


•156* 


•130* 


Ditto 


•110 -103 '108 '112 


•120 


•108 



!• 



114 
120 



187. Continuation of the Eooperimente on the Deflections of 
different Rails and Blocks on the Liverpool and ManchetiUT 
Railway. 

DUBLIN AND EINOSTOWN PARALLRL BAIL. 

Weight, 451bs. per yard, with a lower web ; bearing distance^ ^ 
feet, fixed by vertical keys ; depth, 3J. 




The deflections marked with an asterisk are remarks 

instances of the effect of the lurching of the engine and carria< 

spoken of in the Report as amounting to nearly double the sma-^ — ^^^ 
and more natural deflections. 

In the above experiments the blocks were sotmded, and fo^=— '^'^ 
firm ; the fixings also appeared to be secure at the time of makr -^^g 
the experiment ; but generally the vertical keys used with 't^i^ 
rail require, according to the report of the workmen, incess:^*^^ 
attention. 

MR, STEPHENSON'S FISH-BKLLIBD RAIL. 

Weight, 43Jlbs. per yard ; bearings, 3 feet, fixed by iron keys 
on the side ; greatest depth, 4J ; less ditto, 3J. 
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swimuu nouB. 








DeflMtioos. 






•032 


•040 ^038 


•027 


•045 


•070 


•170 -068 


•130 


•077 


•125 


•130 •I 30 


•170 


•093 


•030 


•025 -030 


•028 


•056 



1 Joint lenstli 

2 Ditto 
8 Middlo IflogUi ... 
4 Joint kngth 

The blocks of Noi. 2 and 3 were looae. 

The mean of the other deflections is '034, but we have no 
experiments to compare with. 

The &vms Eaypervmenta repeated on four other Rails : velocities 

not recorded. 



Middle kngth 


•105 


•135 


•100 


•150 




Ditto 


•085 


•050 


•047 


•053) 




Ditto 


•075 


•075 


•070 


•085} 


Mean ^062 


DiUo 


•065 


•060 


•070 


•060 \ 





The great discrepance between the means in these two sets of 
experiments is very remarkable ; I am quite unable to explain the 
cause fix>m any fact I am acquainted with. 

THB SAILS ON THE ST. HELEN'S LINE. 

Parallel^ with lower bead ; weight, 43 lbs. per yard ; bearings, 3 
feet. 





swifTifuu nronx. 






Joint lengtli 
Middle ditto 
Joint ditto 
Middle ditto 


-110 ^092 

•OOO -075 

'070 '080 

'082 '045 


•115 
•100 
•148 
•068 


•095 
•068 
•135 
•045 



Mean defleetion of joint lengths, ^105 ; of middle lengths^ •OO?. 
MR. BOOTH'S NEW RAIL 

Parallel^ with equal upper and lower flange ; weight, 60 lbs. per 
jBid ; depth, 4 inches ; bearing distance, 3 feet. 



Middle lengtli 
Joint ditto 
Ditto ditto 
Middle ditto 

The deflectometers were removed from the above two joint 
lengths ; the other two remained the same. 

Middle length 
New joint ditto .. 
Ditto ditto 
Middle ditto 

Mean of the four middle lengtha, ^056. 



riFisi 


UKE Exanx. 






• • • 


•066 


•062 


•066 


• • • 


•038 


•084 


•050 


*• • 


•100 


•042 


•144 lurch. 


• ■ • 


•040 


•052 


•044 



•052 


•064 


'064 


•048 


•064 


•042 


•074 


•082 


•050 


•056 


•060 


•054 
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Parallel Plain T Bail. — Huyton Plane, 

Weight, 50 lbs. per yard ; bearing, 3 feet ; laid down ten months; 
depth, 3} inches. 









Vesta 


Samson 








train. 


train. 


Ist Middle length 


• • • • ■ • 


•088 


•070 J 


2nd 


ditto 


•• • • • ■ 


•072 


:g«nMean, •067 


8nl 


ditto 


• •• • • 


•052 


4th 


ditto 


• • • • • • 


•068 


•080) 






6WIFT8UB1 EHOnri. 










Wow. VdooityW. 


V.15. 


1st 


• • • • • ■ 


••• • •« 


•064 -084 


•082 ^ 


2nd 
8rd 


■ • • ■ • ■ 
• • • « • ■ 


• ■ • • « • 

• • « • • . 


•065 -080 
•048 ^060 


'060 ^^' -^^^ 


4th 


• • • • • • 


• ■ • • ■ 

Qeneral 


•072 -080 
mean, ^0695. 


•086) 



On Chat Moss, 

MR. R. STEPHBNSON*S FISH-BBLLIED RAIL CHAIR. 

Weight, 44! lbs. per yard; 3-feet bearing on wooden sleepere. 
The four deflcctometers were here applied to two blocks and two 
rails, but not adjacent, and the disturbance on the blocks and rails 
observed together as below : 





SWIRSUEB 


BNGnrx. 

Dcfloctions. 




Moans. 


1 Block 


•058 


•060 -060 


•060 


•059 


2 Middle rail 


•176 


•178 -200 


•193 


•183 


3 Block 


•030 


•028 -040 


•032 


•03-2 


4 Joiut block . . . 


•152 


•160 -ICO 


•170 


•160 



Experiments repeated. 

The rails and blocks being now selected so as to have one rail 
between the two blocks, and the other adjacent, the results 



were- 



Deflections. 






Means. 


018 -018 


•022 


•023 


•019 


195 -190 


•194 


•196 


•191 


056 -060 


•056 


•060 


•056 


124 ^154 


•130 


•124 


•134 



1 Block ... •OlS 

2 Rail between •US 

3 Block ... -050 

4 Rail adjacent '136 

Tlicsc lavst results, as in the other fish-bellied rails, are very 
anomalous. In the present instance, wc may suppose a groat ^^^ 
is to be attributed to their peculiar situation, as the whole roati 
trembled under our feet as the engine passed ; but still the gr^^ 
excess of deflection of the rail, beyond that of the disturbance 
shown by the block, is very unaccountable, although some of i^ 
may be due to the working of the segmental piece in this particular 
chair. Still, however, after every allowance, I must think tbore 
are obvious indications of the rails being much more strained in 
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a sitaatian as this, than on a good bottom ; and should this 
erified by farther observations, it would certainly be advisable 
ttore, in snch cases, to strengthen the rails, either by enlarging 
1 beyond the dimensions given in the other part of the line, or, 
th would amount to the same, preserving the dimensions, and 
icing the bearing distance, 
he speeds, in the last 

sets of experiments, 
ed from 15 to about 21 
« per hour. 

>eriment8 on the lateral 
Deflection of RaUvxiy 
Bars. 

)8. Having ascertained 
deflection of the bars 
vertical direction, it oc- 
ed to me that it would 
verj desirable to deter- 
e also to what extent 
rails were deflected la- 
Uy on the outer sweeps 
5urves, in order that I 
bt^ if it should be found 
Msary, increase the thick- 
t in the longer bearing 
I, beyond what mere 
Dgih required, in order 
counteract this neces- 
[y greater strain. 
he whole of these expe- 
3ntB have a tendency to 
w, that the stress which 
bars have to sustain in 
direction is not such as 
dquire to be more amply 
dded for than the in- 
sed thickness the bar 
(t have, to meet the 
tier vertical strain due 
Jie longer bearing. In 
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other words, the additional strength given to the bar, for the 
purpose of meeting the vertical strain, will be amply sufficient to 
meet and resist the lateral strain. It will therefore not be 
necessary, in proportioning the weights and sections of bars for 
different lengths of bearing, to attend to more than the vertical 
strength. 

The following description of the instrument, and one set of 
experiments, will be sufficient for illustration* 

Description of tiie Instrument. — ^In the foregoing figure, L is a 
bent lever, turning on a centre c; V, a vernier, sliding in the 
groove g; S, a steel spring, to keep the short end of the lever in 
contact with the stud p, to a wire sliding in the standards m, m, 
having an adjusting screw at p, to set the index to zero. The end 
R being now brought into contact with the rail, the stud p, on the 
passage of the engine, will press upon the short arm of the lever to 
the extent of its deflection, the amount of which, ten times multi- 
plied, will be read on the scale or vernier at Y. 

" The experiments were made on the Wigan Railway, with tK^ 
engine Experiment : the rail parallel weighing 42 lbs. per yat^'i 
the bearing distances, 3 feet. 

''The instrument being adjusted, the following results w^^ 
obtained : 

Back. , 

B. 
P. 
B. 
P. 

" The same experiment repeated, after the middle chair between 
two others was removed ; the clear bearing now being 5 feet 101 
inches : 

DirMtioin of 
Deflection. Velocity. the cngiiM. 

Experiment 1. -070 ... 4 miles per hour. Back. 

2. ... ... ... '078 ... 6 II Forwud. 

o. ... .«. ... *UUtf ... 7 It B. 

'• ••• .a. ... XJVi ... O II f . 



Continuation oftlte Experiments on lateral DefieHiony made on 
the Wiyan Mailwad, 10th September, 1835. By Mr. Edward 
Woods. 

" The rails arc of the parallel form ; weight, 42 lbs. per yard ; 
bearings, 3 feet 











Deflection. 




Velocity. 




Experiment 1. 




• • • 




•047 




8 miles 


per hour. 


2. 




• • • 




•045 




10 




3. 




• • ■ 




•038 




11 




4. 




«•• 




•086 




12 




5. 




• • • 




•040 




10 




6. 




• • • 




•036 




12 
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"1«< Series. — On the curve near the junction to the Liverpool 
and Manchester Railway. 

dure = 2 feet 4 inches per ehain. 
= to a radiiiB of 622 jardfl. 

"The outer rail of the curve If inch higher than the inner rail, 
to counteract the centrifugal force of the trains. 

"Deflection (lateral) of an outside rail, 1 foot 6 inches from the 
bearing. Engine^ Experiment 

Doflee. in ixiches. 



Ho. 1. 


• •• 






•040 




10 miles per 


boor. 


2. 


• •• 






•024 




8 




8. 


• • • 






•026 




8 




4. 


• • • 






•022 




u 




5. 


• •• 






•007 




10 

• 




"i^ndSeriea 


. — ^Another rail 


on the outside of the 


curve, same 


engine, &c., as 


before. 




















Dell, {nlxifl. 


VflM 


per hour. 




No. 1. 


• •« 




• * • 


•000 




13 


F. 


2. 


• • • 




• •• 


•018 




10 


B. 


8. 


• • • 




• • « 


•000 




9 


P. 


4. 


• ■• 




• • • 


028 




9 


B. 


5. 


• •• 




• • • 


•017 




11 


p. 


6. 


••• 




• • • 


•060 




8 


B. 


7. 


« •• 




« • • 


•031 




10 


p. 


8. 


• •• 




« •• 


•065 




9 


B. 


9. 


• • • 




• •• 


•042 




12 


P. 


10. 


• •• 




• •• 


•086 




11 


B. 



** N3.— The ktten F. and B. denote whether the engine was working forwards or 



** 3rd Series. — ^With a rail exactly opposite that of the second 
series^ viz.^ on the inner rail of the curve. 

"In this and in all the other experiments, the deflection was 
measured outwards from the centre of the road. 

" In this instance the deflection seemed to arise solely from the 
wedge-like action of the conical tire on the wheels, as some paint 
which had been smeared for a few yards on the inner side of the 
rail had not been wiped off; showing that the flange had not come 
into contact with the rail. Engine, the Experi/ment 



Ko. 1. 
2. 
8. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 

11. 



Defl. in ins. 


Milofl 


per hour. 




•030 




8 


.. B. 


•030 




9 


P. 


•040 




9 


B. 


•040 




10 


P. 


•030 




4 


B. 


•000 




2 


F. 


•037 




8 


B. 


•002 




2 


P. 


•033 




8 


B. 


•001 




2 


P. 


•006 




6 i ^' 


*p{ter, with a 


• • 9 




ooach train. 
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" 4tth and Sth Series arc given in the Report. 
" 6th Sei^. — With a rail on the straight road. Engine, the 
ExpeHment 

Defl. in ins. Milea per hour. 

No. 1. ... ... ... *010 ... 8 ... B. 

2. ... ••• ..• vlO ... Jv ... If. 

8 '010 ... 15 ... B. 

4. ... ... ... Ovf . . . lU ... If* 

" 7th Series. — ^Another rail near the same place. Engine, the 
Experiment ; weight of working wheels, 5 tons 15 cwt 1 qr. 

Defl. in ina. Miles per hour. 
No. 1 '032 ... 16 ... B. 

iS. ... ... ... Ov^ ... Xm ... If, 

8 '020 ... 13 ... B. 

4 '010 ... 5 P. 

o. ... ••• ... *Uvo ... A ... B. 

O. ... ... ... v.Lv ... V ... If. 

7. •>• ... ... *04o ... 2o ... B. 

Oa ... ... .. *020 ... lo ... r, 

(Signed) ** Edward Woods.*" 

As the velocities are not the same in these experiments, except 
the first of the first series and the last of the second, we can on^l 
make this one comparison, and by this the deflection appears ^^ 
be about double, which is certainly less than calculation wot^7 
lead us to expect ; but the amount is so far within the ela^^^^ 
power of the iron, and the strength of the rail experimented on. ^ 
inferior to what will probably be adopted, that I am quite satisFi ^ 
no additional strength will be required to meet this strain. 

The above experiments were made by Mr. Edward Woods a--^" 
Mr. King, in the presence of T. W. Rathbone, Esq., Dr. S. Trail,- ^^ 
Edinburgh, and J. Reynolds, Esq., of Swansea. 

DEDUCTIONS. 

189, It would be useless to go through a comparison of all the 
experiments noted in this and the preceding section ; I shall there- 
fore only observe, refening to the vertical deflections, that the 
obvious deduction from them is, that with firm blocks, chairs well 
fixed, and with joints well made, the road itself being firm, the 
rail is only deflected at the greatest velocity a little more than is 
due to a quiescent load equal to half the weight on the two 
wheels ; but that in consequence of the imperfection of these parts, 
a strain is occasionally thro\vn on the rail which produces a de- 
flection about double that which belongs to the load in question. 
This effect was frequently and obviously exhibited in the experi- 
ments with the trains. In many cases the deflectometer showeil 
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only the commoD amount of deflection when the engine (by far 
the heaviest load) passed over ; whereas, perhaps in the middle, or 
at the end of the train, a waggon would lurch over from some 
irregularities, and throw up the index to double its former amount. 
This effect was very particularly noticed by the Deputation, Direc- 
tors, Proprietors, and other parties present. It follows, therefore, 
that till greater perfection can be obtained in railways, a strength 
of bar more than double that due to the mean strain must be 
provided. In my original Report I have allowed 50 per cent, 
beyond the double as a surplus ; but from these experiments, it 
appears that this allowance is in excess, and that from 10 to 20 
per cent beyond the double will be sufficient. 

190, On the proportional increased Strength with increased 

Distance of Bearings, 

In apportioning the quantity of metal for each length, regai'd 
must of course be had to the limits prescribed by practice, that is, 
'we must only enploy such sections as may be subject to no sub- 
stantial practical objections ; but with this condition, the form of 
Bection is unlimited 

The first limitation which practice enforces is, that whatever be 
ilie bearing length and weight of rails, the head ought to have the 
same certain weight. 

It is not necessary to go far along the Liverpool and Manchester 
line to see that the heads of the original 35-lbs. elliptical rails are 
far too small for the present weight of the engines, the outside 
flange of the upper table being, in numerous iastances, nearly 
separated from the central rib. The Dublin 45-Ibs. parallel rail, 
which has a broader and somewhat larger head, does not show the 
same defects ; still, however, it is generally, I find, considered too 
smalL The 50-fl>s. parallel plain "f rail, and the Grand Junction 
rail, are perhaps the best proportioned heads in the line ; their 
area of section, to an inch deep, occupying about 2^ square 
inches. In the following calculations, therefore, I shall lay it 
down as a practical limit, that the head ought not to occupy less 
than 2*25 inches area, or, which is nearly the same, not weigh less 
than 22'5 lbs. per yard. 

Another practical limit, in which I believe most engineers agree, 
is, that the depth of the rail ought in no case to be more than 5 
inches. 

Abiding, therefore, by these conditions, I propose to compute the 
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weight of iron per mile, on four lines of rails, preserving in all 
cases a constant strength of 7 tons, at the several bearing lengths 
of 3 feet, 3 feet 9 inches, 4 feet^ 5 feet, and 6 feet ; distributing the 
iron in each bar most economically for strength. 

The lightest rail in the line, which appears to approach towards 
the required degree of strength, is the Dublin parallel rail, of 
45 lbs. per yard ; but as the head is lighter than the present 
practice seems to point out as the best, I would increase this by 
2^ or 3 lbs., and with a little addition to the rail itself, make the 
whole about 52 9)8., which is, perhaps, the least weight that ought 
to be given to a rail on S-feet bearings : and the best disposition 
of this weight, according to the solution of the problem on the 
principle of tmlxwui and mmima, regard being, had to the 
practical limits above stated, is given in Art 183 : and on similar 
principles, although not strictly following the minutia of the solu- 
tion, have been arranged the proportions for the other bearings, 
the section at half-size, and the several particulars being as 
follow : 

Section for a Three-feet Bearitig. 

OW ▲ BCJLLB or HALT THX LATXBAL IU1I1N8ION8. 



\ 



Head to 1 inch deptli, 22*5 lbs. per j«rd ; whole ^ 
44 inchei. 

Ditto bottom web, 1 inch. 
Breadth ditto, 1*25 inob. 

Tbicknees of middle rib^ *6 inch. 

Whole weight, 51*4 Iba. per yard. 

Strength, 7 tons. 

Deflection with 3 tone, *024 inch. 
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ecHon for a Three-Feet Nine-Inch 

Bearing. 

to 1 iBoh dqiUi, 32*5 Ibi. per yard. 

• deplli, 4| indbet. 

of bottom wthf 1 inch. 
Kh ditto, It inelL 
iMBm, middlo rib^ 75 incb. 

• woi^t^ 58*8 lbs. per yard. 

ca»7tou. 

with 8 tool, "OS? inch. 




Section for a Four-Feet Bearing. 

to 1 inch doptb, 22*5 fbt. per yard. 

• depth, ifinehee. 

of bottom web^ lindu 
llh of ditto, 1^ iodi. 
□leii of middle rib^ -8 ineb. 

• weight, 61*2 Ibe. per yard. 
igth, 7tmm. 

ethm with 8 Unw, -041 ineb. 



Section for a Five-Feet Bearing. 

I to 1 inch depth, 22'5 Ibe. per yard. 

le depth, 5 inebee. 

• of bottom web^ 1| inch. 

1th of ditto, 1*68 inch. 

kiMM of middle rib^ '85 inob. 

le weighty 67*4 Ibi. per yard. 

Igth, 7 tons. 

etion with 3 tone, '064 inch. 



y 
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Section for a Six-Feet Bearing. 



y 



\ 



Uead to 1 inch depth, 22*5 Iba. per yard. 
¥^hole depth, 5j| inches. 
Ditto of bottom web^ 14 inch. 
Breadth of ditto, 1*66 inch. 
Thickneaa of the middle rib, 1 \ inch. 
Whole weighti 79 Iba. per yard. 
Strength, 7 tons. 
Deflection with 8 tons, '082 inch. 






It will be seen, by the above statement, that although I have 
preserved the same strength or resistance in each of the rails, the 
longer bearings are less stiff than the shoi-ter ; indeed, unless this 
increased deflection be allowed, all thoughts of greatly increasing 
the distance of the bearings must be given up ; for, in order to 
preserve a proportional deflection, cither the breadth of the ra^^ 
must be so increiused as to require a weight of iron altogetl*^^ 
inadmissible, or the depth must be increased in the same pro{X)rt V*^^ 
as the length of bearing, which is impracticable. The deflecti<->^^^' 
however, of tlie longer bearings, although greater than tlie sliur**^^'. 
do not amount to a large quantity ; the deflection of several ^ 
the rails at present on the line being much greater, as may be s- 
by referring to the several experiments on this subject. 



I 



cu 



0)1 tJie Bed Form of Bail. 

191, In the sections given in the preceding page for rails 
different lengths of bearings, it will be seen that I have con 
the breadth of the lower web to IJ, or, at most, to 1§ inch; 
this has been done, although I am well aware that, to extend 
breadth of the lower web, and to reduce its depth, would tl 
retically give tlie strongest rail ; in fact, that the double X is» 
paper, a stronger rail than the deep and less broad flanged 
but I am quite convinced it is not so in practice. The lower 
comes no other way into use than as it is brought into a stat^ 
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^nsion by the action of the centre rib ; and^ although the fibres 
r the lower web lying immediately below the centre rib are 
rought into action by it, and these fibres excite a similar action 
kterally in those immediately contiguous to them, and these 
^n to the next, and so on, yet in a ductile metal like malleable 
xm this lateral effect is soon lost ; so that the extreme fibres 
f the extended lower flange become inefficient. 

The fact is^ this particulai* form of rail was proposed with a 
tew to a certain advantage it was supposed to possess, viz., that 
might be turned when the upper table had been worn doWn, 
nt this has been shown in my former Report to be impracti- 
ilile ; and not fulfilling this condition, while in other respects it is 
isadvantageous, it should be at once rejected. I know it is said it 
ay still be turned and used in side rails ; but I reply, wherever it 
used, it will be strongest if not turned. Again, it is stated, that 
»th sides being alike, the rail-layers may select the side that fits 
ist ; but it would surely be better to have the rails made so 
liform that no such choise was requisite. Again, it gives a broad 
taring, in which, however, I see no advantage when cai'ried to 
Lcess. And, lastly, it admits of the rail being fixed by a wooden 
jy or wedge ; but is it not better, if possible, to avoid the wedge 
together ? In fact, I can see no advantage this form of rail 
>B8e88es, to compensate for its actual and obvious defects. 
The proportions I have shown in the preceding diagrams, which 
semble nearly the form of rail to which the prize was awarded, 
ake, I am persuaded, the strongest and best rail ; it being of 
•urse understood that these diagrams give only angular outlines, 
le salient and re-entering angles of which may be softened down 
' fortified according to the taste or other considerations of the 
igineer. 
To convince Mr. Locke, and some other gentlemen, of the defect 

the double (X) form, I had one of the rails taken up, and ^ an 
ch cut away on each side from the lower flange, reducing its 
-eadth at the point of greatest strain, that is, in the middle of 
le bar, to 1^ instead of 2^ inches. It was then put into the 
resSy and the strains brought on as usual, under the superin- 
mdence of Mr. Edward Woods and Mr. John Gray ; Mr. Locke 
imself being obliged to leave just at the time the experiment 
^aa in progress. 

Mr. Rathbone^ Mr. Edward Cropper, and myself were also 
vesent, and the result was, that the bar thus mutilated showed 
E^ter strength than the mean strength which Mr. Locke found 

X 2 
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to belong to it when whola Now, although I am ready to grant 
that the bar was actually weakened, and that this apparent 
anomaly is attributable to the imperfection of the press already 
pointed out, yet, on the other hand, it must be admitted that it 
could, with such a result, have lost but little of its strength, aod 
that the iron thus abstracted, viz., nearly (th of the whole section, 
if judiciously introduced elsewhere, would undoubtedl^give a much 
stronger rail* 

* It ii rinoe thia wm writtoi Uiii the ezperimenU have ban made on tIi«8oiit]iaD|iloa 
raik, which are still more olJMiioiiablo from ib«r oxiended lower web ; but it mnit bt 
admitted that theee, where the Iran waa good, did not indioate the weaknoM antidiettl 
from their extenuonii 
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APPENDIX A. 



THEORETICAL INVESTIGATIONS ON THE EFFECT OF 
THE DEFLECTION OF RAILS, INCLINED PLANES, 

GRADIENTS, ETC. 

To deUrmint the Influence of the DefleeHon of an Elcuiic Bar to the motion 
of a Body passing over it, the Bar being supported at its two extremities, 

1. Let A C B represent an elastic bar, snpported at its middle point, and 
loaded at its extremities with two equal weights, to, to. Then the deflection 
of the two ends will be exactly the same as that of the same bar supported 
at its ends and loaded with a weight 2 to at its middle point. 




fig. 2. 




2. Let A B, fig. 2, be the same bar snpported at any point C, dividing 

2 fi IP 
the beam into two lengths m, n^ and loaded at B by a weight 'r~' 

and at A by a weight ^-^ ({ being the whole length), so that the 

beam may be still in equilibrio on the support C, and the sum of the two 
weights equal to 2 to, as before. Then & wUl be the deflection of tho 
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point A, and C a, that of the point B, C e being a mean deflection, as 
referred to the obliqae line A B ; and this deflection C e will be the same 
as if the beam was supported at A and B in a horizontal line, and loaded at 
C with a weight 2 to, the deflections being considered as very small in com- 
parison with the length. 

In fig. 1, let the element of deflection at C be a, then the whole deflec- 
tion, being as the element of deflection into the square of the length, we 
may represent CD = 3by^r A. Bnt the element of deflection in the 
same beam is as the strain ; and the strain at C in fig. 2, is to that in fig. 1^ 
as m n : ^ V. Therefore, in fig. 2, 

4 fii n 
the element of deflection A' = — ^r— A, 

and the deflection C a = — ^r — A = y, 

p 

the deflection C 6 = ^-^^ A = r, 

andfta = iJ?JLi??!_Il_«3 a = ^ - 8". 

Consequently, the sins of the inclination, or of the angle A B a 

4 m n (m^ — n*) . 

And this is precisely the inclination the tangent C t would have, if the beam 
were turned about C till A B became horizontal, and therefore the same as 
the tangent C t would have, if the beam were supported at its ends, and 
loaded at C with a weight 2 w ; and it is this inclination which forms the 
impediment to the motion of the body along the plain face of the bar. 
3. To find the point where this inclination is the greatest, we have 

Sm + n = I 
m n (m' — n^ = a max. 

or, m {I — m) {2 Im — P) = & max. 

or — 2Zm'+3^m' — P m = a max. 

whence, — 6Zm' + 6Pm — P= 0, 

m = i Ml ± Vi) 
n= 4Z(1 + Vi). 

When m and n have these values, the inclination of the tangent is the 
greatest, and consequently at that point the resistance to the motion is the 
greatest. It is shown that the sine of the angle of inclination is expressed 
generally by 

4m n (m^ — n') 
^ ^• 

Calling I = 1, this is § x VJ = '384 A. 

Now the Bine of the inclination of a plane of half the length of the bar, 
viz., i ly whose altitude is equal to the central deflection, viz., i r^ A (with 
which this case is frequently but erroneously confounded), would, when 

Z :z 1, be proportional to j-r- a rz '5 A. That is, the greatest resistance a 

heavy load experiences in consequence of the deflection of the bar over 
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which it paRses, is to the constant resistance it would experience in asoend- 
insf an inclined plane whose height is equal to the central deflection, as *384 
to '60, or nearly as 3 to 4. The former, moreover, acts only for an 
iustant, and begins and terminates in zero, while the other remains constant 
throughout. 

To compare the sum of all the resistances in the two cases, let us consider 
still { =zl, then the general expression for the resistance at any point, viz, 

4 m n (m' — n^ 

becomes 4 A ( — 2 »' + 8 m- — m), 
and this multiplied by the differential of m, 

gives 4 A (— 2 m' + 8 m' — w) d m, 
the intregal of which between the values 

m = 4 and m » !» is } A ; 
while the sum of all the constant resistances *5 A for the half-length 

= 4x4A = iA. 

That is, the sum of all the variable resistances to a load by the deflection 
of the bar over which it passes, is exactly half the resistance the load would 
experience in ascending a plane of the same half-length, and whose height 
is equal to the central deflection of the same bar. 

Now the resistance on such a plane, the central deflection being 2, which 

is to be considered the height of the plane, its length being i If Ib — t-, 
consequently the resistance of a bar only deflected to the same extent 
will be -. 

4. It will be understood that this is the resistance to the ascent of 
the body from the middle of the bar up to the prop ; and i^ as has 
been assumed by some persons, as much power was gained in the descent 
as was lost in the ascent, the odds would be made all even, and the deflec- 
tion of the bar would be no impediment ; but this assumption is altogether 
erroneous, both in theory and practice. In fact, the gain from descent is 
so exceedingly small in such short planes as we are here considering, that it 
may be wholly rejected ; so that in a plane supposed perfectly horizontal, 
the retardation, or additional resistance to the carriages, caused by the 
deflection of the bar, will be equivalent to the carriage bemg carried up a 

plane of half the whole length on a slope equal to — p, the other half 

being horizontal, or, which is the same, on one entire ascending plane, 

whose slope is _ ^ where { is the distance between the props, and 3 the 

central deflection. Having, thus, the resistance due to deflection estimated 
on a continually rising plane, the resistance per ton becomes known, and 
consequently the exact numerical increase of engine power which is neces- 
sary to overcome that resistance. Computing in this way, it appears that 
the effect of deflection on the several bars whose sections are given in p. 304, 
et seq., produced resistances equivalent to planes of the following slopes ; 
viz. 
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1 la SOOO ... -75 

I in 2i32 ... '92 

1 ia 2341 ... -99 

1 in 1875 ... 1-8 

1 in 17S« ... IS 

ThcM -beiog important conudentioD < ia tbe economy of mlwafx, 
lud feeling that what ia pep> 
factly Mtisfftctorj to a matho- 
mAtioiaa cannot ba eqnally so 
to peisona not in the habit of 
foUoning such trains of reason- 
ing, I had a little model made, 
Teprewnting one length of rail, 
the diitanoe of the support! 
being 30 inches : the bare are 
drawn steel, ^ inch hy | ; th« 
load with the carriage weighs 
134 ounces, and the dEfiection 
with that weight ia neailj J an 
inch. The model ia repreaeuted 
iiitlieac(ion)pan^ngcut,witb the 
seala in whidi weights are placed 
for iUoatrating the points ia 
question. From A to B was 
laid a well-planed piece of wood, 
on which, in the first instance, 
the railway bars were secured at 
their proper parallel distance. 
The end A of the model being 
now raised, this plane was made 
to be truly horizontal ; weighia 
were then gradually put into 
tbe scale till that wciglit was 
fonnd which just balanced the 
friction, and which was found 
to be exactly 5 ounces, in- 
cluding the GCiilo. 

The model was then plactnl 
in its natural position, the ba*o 
C D accurately levelled, and the 
curiage placed on tbe unsup- 
ported bars, the weight being 
thrown as nearly as possible 
over the front wheels only ; 5 
ounces due to friction were in- 
troduceil, and weights gradually 
added : aa each ounce was intro- 
duced the carriage advanced, 
and with 16 ounces it rose over 
the point B, where the resist- 
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ance was the greatest, and was then accelerated to the end. E, aocor<]ing 
to the preceding investigation, was a Httie beyond the half of the half- 
length, and the same was distinctly indicated by the experiment. At the 
lowest point of the cnrve the resistance was the same as on the horizontal 
plane, as it was also at the end B, which are both likewise consiBtent with 
the investigation. 

The bars were now removed, and the plane already mentioned placed 
firom A to B, inclining so that the bars passecl exactly through the point F, 
when it was found that the weight necessary to baJance the carriage and 
friction was 1 9^ ounces. The greatest resistance, therefore, on the deflected 
bars was to the resistance on this plane as 

(16 — 5) to (19i — 5), or as 11 to 14}, 

which is also very closely approximative to what is given by the theory. 
The only doubt, therefore, which can remain, is how far I ought to reject as 
inconsiderable any increase of power on the descending side. This point 
cannot be met experimentally, and I am therefore obliged here to depend 
only on demonstration. The case certainly involves no great difficulty of 
conception as a mere question of theoreticad mechanics : having, however, 
been treated on different principles by persons of considerable scientific 
eminence, I nhould have been glad to have exhibited the effect experi- 
mentally ; but as the whole turns upon velocity, this is impossible. The 
demonstration alluded to is involved in the principles explained in the 
following section. 



On the Laws which govern the Action of Locomotive Engines on Bailioays, 

6. At this time, when a novel application of a powerful mechanical agent 
is being made over so many miles of this country, and different public com- 
panies are competing with each other to effect Uie same object by different 
lines, it is desirable that some certain rule should be established of esti- 
mating the effects of the same engine on different loads, and of the several 
ascending and descending planes which necessarily occur in all, in order 
thereby to form a just comparison of their respective mechanicaJ merits. 
These questions have been examined by different writers, but unfortu- 
nately without coming to any fixed conclusion ; in fact, both the theory 
and practice in this branch of mechanics involve points of consideration 
which are liable to lead to some discrepancies, according to the views which 
may be taken of them. 

One of the prevailing defects in many of these solutions is, that of 
assuming that the engine power required for different loads on a horizontal 
plane is proportional to the power of traction requisite to produce the 
motion : whereas the expense of engine power has no definite ratio to the 
force of traction, in consequence of the different forces which must be over- 
come before any motion can be impressed on the load. 

Thus, for example, before any motion can be produced on the load, 
whether it be great or small, the following resistances must be overcome : 
Tiz. 

1st. The friction of the engine gear. 

2nd. The friction of the wheels and axles of the engine and tender. 

3rd. The pressure of the atmosphere upon the lorfaoe of the pistons. 
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The power or quantity of steam thus expended every stroke of tlie engine, 
before any effect can be transmitted to the load, is very considerable, in 
many cases quite as much as is employed for actual traction.* 

7. Amongst the writers who have contributed most to elucidate the 
laws of action in locomotive engines, we ought to distinguish M. Pambour, 
a French engineer, who, after many judiciously conducted experiments on 
the Liverpool aud Manchester and on the Darlington lines of railway, 
has arrived at numerical results which appear in every respect to be entitled 
to entire confidence : according to these — 

1st The friction of the engine gear alone, that is, without a load, 
amounts on an average of several engines, to 6 9>8. per ton of the weight of 
the engine, as applied to the circumference of the wheeL 

2nd. That the friction of the wheels, axles, <ba, of the engine and tender 
is 9 lbs. per ton. 

3rd. That the friction of the waggons, without the engine and tender, is 
8 lbs. per ton, including the weight of the waggons and load. 

4th. That the friction on the engine gear is, at a medium, 1 lb. additional 
per ton for every ton weight of the load and waggons. 

5th. M. Pambour, who, as far as I know, is the first writer who has dis- 
tinctly introduced the pressure of the atmosphere on the pistons, estimates 
that pressure at 14 7 lbs. per square inch. 

6th. Lastly, it is assumed, that equal quantities of steam are producible 
in equal times ; and that the pressure on the piston, at any time, is inversely 
as the velocity. 

8. Let now 

W denote tbe tons weight of the engine. 

w tbe tons weight of tender. 

L the tons weight of the waggons and load. 

L' the gross load, includiug the engine, tender, &c. 

Then tbe force necessary to be applied at the circumference of the wheel to 
balance these resistances alone, will be 

6 W + 9 (W + w) + 9 L = 6 W + 9 L'. 

To this is to be added the pressure of the atmosphere, or its resistance to 
the motion of the pistons, viz. 

id^ir X 147, 

d' w being the area of one piston in inches, and 14*7 the number of lbs, 
pressure per inch. 

But this last resistance being only overcome with the velocity of the 
piston, must be transferred to the circumference of the wheel, where the 
other resistances are estimated. Taking therefore D to denote the diameter 
of the wheel, and I for the length of stroke, we have 

14-7 d^ I 
Dir:2l:: id^ir X 147 : ——^-^, 

which is the force that must be applied at the circumference of the wheel to 
balance the pressure on the piston. 

• Our engineers are in the habit of speaking of the power of high-pressure engines 
by the pressure of the steam as exhibited or limited by tbe safety-valve, that is, by the 
pressure above the atmosphere, and this is quite correct while comparing the effective 
power of different engines ; but in estimating the exx)enditnTe of steam to produce this 
di8x>osable power, the whole elasticity of the steam must be considered. 
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Let ibis be denoted by A, then the whole force requisite to balance the 
resiBtanoe on a horizontal plane is 

A + 6 W + 9 L'. 

And as the sum of the first two terms is constant, call 

A + 6 W = C, 

then the whole resistance will be expressed simply by ' 

+ 9 L'. 

And suppose that Ihe obserred horizontal velocity with this load is v, and 
it be required to determine the velocity the same engine would impress on a 
gross lo2kd L", we should have 

(C + 9 L') V = v' (C + 9 L"). 

«n. . C + 9 L' 

^'"^ ^= C + 9L-^- 

9. In an observed experiment, let the weight of the engine W=12 tons, 
of the tender to = 6 tons, and L z= 82 tons ; aod consequently L' = 100 tons, 
and the velocity v = 25 miles per hour. And in another case, let the load 
be one-half, or 41 tons, and therefore the gross load L''z=59 tons ; and let 
the dimensions of the engine be as follows, viz., diameter of piston 12 
inches = d, the length of stroke { = 1 ^ foot, and diameter of drawing wheels 
D z= 5 feet. 

Then A — = 635 lbs. 

6W = 72 



Then C = 707 
And in the first ease 9 L' = 900 The. 
in the second 9 L" = 681 lbs. 

And substituting these numbers in the above expression, we find 

+ 9 L' 



+ 9V 



V =s 32} mfles. 



So that diminishing the load by one-half only increases the velocity about 
7i miles per hour. 

If, on the other hand, the velocity t; = 25 was that observed on the 
half-load, we shoidd have 

707 + 631 ._, ,^, ., 
" - TOfTm '^ 26 = 19i oul* 

That is, the double load is carried by the same engine, and with the 
same expenditure of power, at nearly |ths the speed of the single load, 
— ^results which are by no means inconsistent with practical experience. 



On the Ijffect of Oradients. 

10. As some difference of opinion exists on this subject, probably arising 
more from imperfect definition than from any other cause, it may be well to 
examine the subject rather more in detail than would be otherwise requisite. 

Let us therefore take a very simple theoretical case, by supposing a 
body free from friction and resistance to be moving along a horizontal 
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plane with a oertain relocityy which we may assume to he 32 feet pev 
seoondy and that it arriyes at the foot of a plane, rising 1 6 feet ; then, by 
the known laws of mechanics, the body in this particular case will arrive at 
the top of the plane, and at that point will have lost all its velocity ; bat 
if there it meets an equal descending plane, it will, in its progress down, 
acquire at the bottom the same velocity it had at first. In this respect, 
therefore, it may be said to have lost no force, because its first and last 
velocities are equal ; but, as the time of the body ascending one plane and 
descending the other, will be double that with which it would have passed 
over the same horizontal distance with its first velocity, it will have lost time ; 
and a low of mechanical effect is thus sustained. 

11. If now, instead of a body free from friction and resistance, we take 
the case of a locomotive engine, moving with the same velocity, and suppose 
it to possess, within itself, a power so exerted as just to balance the friction 
at all velocities, that is, as acting upon the piston throughout the journey 
with a uniform pressure, then this body will not mechanically differ from 
the former ; that is, it will ascend and descend the plane according to 
the same laws, and there would be still no loss of power, but a loss of 
time only ; for, according to this view of the question, the quantity of 
steam power expended would be the same as if the body had passed along 
the htne of the two planes (rejecting the difference in the length of the base 
and plane itself as altogether inconsiderable). 

It will be observed, however, that the nature of the steam power thus 
assumed, is not that which* occurs in the actual machine ; for, as the 
■team itself can only be generated at a certain rate, it follows, that its 
pressure will vary according to the rate of motion, and therefore, instead 
of being applied, as supposed above, only to overcome the friction, it will 
act on the ascending plane to aid in the ascent ; and, on the other hand, 
on the descending plane the natural gravitating power will assist in over- 
coming the friction. The two forces thus act conjointly, and being subject 
to different laws, the question of gain or loss of power becomes rather com- 
plicated. If we examine our first two supposititious cases, it will be found, 
that the restoration of the original velocity depends upon the time of 
ascent and descent being equal, so that all the velocity lost by the ascent is 
regained in the descent ; but in the actual case, the time of ascent exceeds 
that of the descent, and there is not therefore time for gravity to restore on 
the descending side all the velocity lost on the ascending side ; and a loss 
both of time and power (which are equivalent in a locomotive engine) is 
sustained accordingly. 

12. It is dear, that when a locomotive engine and train, proceeding 
with a given horizontal velocity, arrive at the foot of an ascending plane, 
the motion from that point will be retarded till the increased pressure of the 
steam is sufficient to balance the increased force of traction and friction, 
after which the motion will continue uniform. And when the engine and 
train, proceeding at the same velocity, arrive at the top of a descending 
plane, the motion down will be accelerated till the reduced pressure of the 
steam due to the increased velocity is just such as to balance the difference 
between the two opposite forces of friction and gravity, when the descending 
velocity will become uniform also. 

13. Let us now endeavour to get an expreFsion for the accelerating 
forces above referred ta 
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We have Been, that with a gross load L', the foroe of traction on a hori- 

C + 9 1/ 1 

zontal plane is expressed in lbs. by C + 9 1/ ; and let = -— , be 

taken to denote the foroe as a fraction of the load, the oorrespondiog 
velocity being Vy and let — denote the slope of the plane, or the height 
divided by the length, and let v' be the velocity of ascent at any time, then 
the steam pressure being inversely as the velocity, and being equal to — > 

with » velocity t> inll, at the velocity v', be expressed by 



2240 L' 
The increased foroe of traction in fi>s. will be , and this will 

bring on an increased friction on the engine gear of — - — ' For we have 

seen, that the friction on the engine gear amounts to ^th of the whole force 
of traction : if, therefore, we again divide these terms by 2240 L^, as before, 
we find that the actual forces in operation are. 

Urging foroe , ^ , or steam prenore. 
Retarding foroe — j- , the original retarding foroe. 
Ditto ditto , the weight of body on the plane. 

Ditto ditto -r — , increased friction of engine gear. 

And therefore the whole variable force is 

V 1 1 1 r — t/ 



v' f f $ S 8 i/f S 8 ' 

14. Precisely the same forces are in action on the descending plane, but 
— is now an urging foroe, and — acts as a reduction of the force — . The 
expression, therefore, for the descending force is 



v—i/ 9 



rT + 



And therefore, 

v — i/ 9 , 

v'f - 8 « " ^ 

will be a general expression for the variable force with which the engine is 
urged along any plane asoending or descending. 

15. From this expression wo may in all cases determine at once the 
velocity of ascent or descent after the acceleration ceases, that is, after the 
motion becomes uniform ; for in this case the preceding value of the force 
(f> becomes zero, so that 

V±Tr = *»•"'*•"* 

r-i/ — 9 



= + 



/t/ ^ 8 « • 
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And from thu we may ascertain the UDiform Telocity dae to any slope, or 
the slope which will give any proposed velocity. 

Suppose, for example, it were required to fiud the inclination which would 
produce a final uniform velocity = 2 v. Substituting 2 v for v\ we find 



2/"8«« 9/* 

Again, to find the slope that will give an ultimate uniform velocity ^ greater 
than the uniform v^odty v, we have only to substitute «' = |v, and we 
obtain 

1 9_ o _L _ _4_ 

T7 " S s ^ s 27 f 

And this is perhaps the greatebt increased speed that can, with a due regard 
to safety, be admitted on a descending plane ; and it is therefore the 
greatest ^ope that can be safely descended with the steam admission valve 
fully open. 

16. In order to form a correct estimate of the practical effect of gradients, 
W6 must confine ourselves wholly to the question as limited by consiJera- 
tious of prudence, that is, by claiming no more advantage for the descend- 
ing planes than is consistent with safety. 

lliese limitations must be somewhat arbitrary, but the following are ptr- 
haps agreeable to the usual practice. 

1st. That no plane on which the train would be accelerated with the 
■team wholly shut off, ought to be descended with more than the uniform 

horizontal velocities. Such are all planes having a slope — greater than 

8 

, and on which of course the brake must be applied to prevent 



acceleration. 

2nd. That all those planes on which the ultimate velocity would exceed 
^th of the original horizontal velocity, and in descending which, therefore, the 
admission of bteam must be partly shut off, ought not to be descended 
with more than -^ths of the original velocity. Such are all planes between 

1 8,1 4 

and = 



8 9/ 8 27/' 

All planes of less slope than this last will, soon after the descent of the boily 
commences, take up their uniform velocity without Bhutting off any steam, 
and the speed down them may be computed from the formula 

r — t/ — 9 

v'f "" 8 8 
without any sensible error. 

And in all cases the ascending velocity, which soon becomes uniform, may 
be computed by the formula 

v—-^v^ 9 

Vf ~ ~8 «' 
the former of which gives 

8 vg 
v = » 

8» — 9/ 

and the latter 

8» + 9/ 
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17. HoDoe, in estimating the mechanical advantage of a desoendiog plane, 
we must claim nothing for those whose slopes are equal to or exceed 

J_ 8^ 

For all planes whose slopes fall between 

and 



9/ 27/ 

we may claim an increased velocity of ^th. 

4 
For planes of less slope than -^y-^ the advantage may be computed by 

the first of the above formulae. 

And in all cases the reduced velocity on the ascendiog plane by the latter 
formula. 

18. The best way of exhibiting these effects will be by computing the 

lengths of equivalent horizontal planes, that is, the lengths of horizontal 

planes which would be passed over in the same time, and with the same 

power as the ascending or descending planes in question, and taking these 

lengths as the measure of their mechanical effects. 

g 
Thus, planes sloping more than -3-5- (descending), will have for their 

equivalent horizontal plane one of equal length to the planes themselves ; 
descending planes having slopes between 

and, 



9/ -27/ 
will have their equivalent horizontal planes |thsof their own lengths. And 

planes of less slope than , will have their epuivalent planes — ^J~ — ~ 

times their own length ; and 

Lastly, all ascending planes will have their equivalent planes — ^— — ^ 

times their own length. 

19. By way of illustration, the following Table has been computed, 
taking the dimensions already given of the locomotive, page 315, with a 
gross load of 100 tons. 

According to those data, 

C + 9 L' 707 + 900 1 1 



2240 L' ■" 224000 ~ 139 / ' 

and taking the several planes, each 1 mile, the lengths of the equivalent 
planes for the ascending side are given in column 2, and the equivalent 
descending planes in column 3 ; and column 4 shows the mean of two, 
ascending and descending. 

Thus the time and power required to ascend a plane of 1 in 90, one mile 
in length, would carry the train 2*74 miles on a horizontal plane. The 
time to descend it would be the same as to go over the same mile horizon- 
tally, and the mean of the two 1*87, that is, a mile of such plane woold 
require the same time to pass and repass it as would admit the train to pass 
and repass 1 '87 mile on a level 
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20. Teible thawing the equivaUnt horiaoiUal lines to the teveral tueending and deecendvujg 
planet as given below ; the power ofid dimensions of the engine being <u stcUed f» 
p. 815. The gross load, including engine, dx., 100 tons. 





Equivalent horicontal lines. 




Oradientd or 
inclined planes. 






Mean effect. 


Ascending. 


Descending. 


1 in 00 


2-74 


I'^O 


1-87 


1 100 


2-57 


100 


1-78 


1 120 


2-31 


100 


1-65 


1 140 


2-12 


100 


1-56 


1 160 


2 00 


•88 


1-41 


1 180 


1-87 


•83 


1-35 


1 200 


1-78 


•83 


1-80 


1 250 


1^68 


•88 


1^23 


1 800 


1-52 


•83 


1-17 


1 850 


1^46 


•88 


114 


1 400 


1-89 


•83 


111 


1 500 


1-81 


•83 


1-07 


1 750 


1-21 


•88 


10^ 


1 1000 


116 


•85 


1-01 


4 1500 


110 


•90 


100 



It will liave been observed that as the expresBion C + 9 L' mvolves a oon- 

Btant quantity 0, the value of the fraction —r- will vary with the load. 

ThuBy Buppodng the gross load to be 50 tons instead of 100 tons, we should 
have 

C -f 9 L^ ^ 1__ 1 
2240 L' "" 97 ~ 7* 

The length of the equivalent planes, therefore, change with the load, and the 
following Table is computed for the same engine, with a load of 50 tons. 



21. Table showing the equivalent horizontal lints to the several ascending and descend- 
ing planes^ as given below ; the power and dimensions being cw staJLcd in p. 315. 
The gross load^ including the engine^ d-c, 50 tons. 





Equivalent horizontal Hncs. 




GradionU or 
incliuod pianos. 




Moan cflfcct. 








Ascending. 


Descending. 




1 in 90 


2-21 


1 00 


1-61 


1 100 


2-09 


1-00 


1-54 


1 120 


1-91 


100 


1-45 


1 140 


1-78 


•83 


1-39 


1 160 


1-68 


•83 


1-25 


1 180 


1-60 


•83 


1-21 


1 200 


1-54 


•88 


1-18 


1 250 


1-44 


•83 


113 


1 300 


1-36 


•83 


1^09 


1 350 


1-31 


•83 


1-07 


1 400 


1-27 


•83 


105 


1 500 


1-22 


•83 


1-03 


1 750 


1-15 


•85 


1 00 


1 1000 


1-11 


•89 


1-00 


1 1500 


1-07 


•93 


100 
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22. The two oases aboTe computed^ of gross weights of 100 tons and 60 
tons, are about the mean of the luggage and passenger trains on the 
liverpool and Manchester line. And in estimating the loss occasioned by 
gradients on any proposed line, we may take the one or the other accord- 
ingly as the traffic may be expected to consiBt mostly of luggage or 
passengers. 

The following Table shows the computed equiralent length of a line of 
railway from Croydon to Dover ; the data being assumed as stated in the 
Table. 



23. Table showing the lengthi of the equivaleni horUontaX planet for the several gradients 
on the South Eastern line^ between Croydon and Dover, Engine as before; 
assumed gross vfeight, 100 tons. 



8 



I 



i 



111 



s . 

ha 

Sis 



Data employed. 



M. Ch. 

22 



1 
1 
1 
2 
1 
1 
7 
5 
1 
1 
2 
8 
4 
1 
3 
9 
2 
8 
5 
1 
1 
5 




12 

58 

14 

66 

68 

50 







40 

40 











68 

49 

40 

42 

71 

53 

76 



69 87 



1 in 150 



1 
1 
1 
1 
1 
1 
1 



100 
150 
830 
860 
100 
830 
528 



1 880 

1 830 

1 880 

1 1320 

1 2640 

I 1 "609 

1 2950 

1 830 

1 880 

1 100 

1 830 

1 838 





M. 


Ch. 


M. Ch. 


Lerel. 





22 


22 


Rise. 


2 


28 


1 12 


Ditto. 


4 


84 


1 56 


Ditto. 


2 


22 


1 14 


Ditto. 


3 


79 


2 20 


Pall. 


1 


48 


2 53 


Ditto. 


1 


50 


4 14 


Ditto. 


5 


67 


10 28 


Ditto. 


4 


14 


6 40 


Level. 


1 





1 


Rise. 


1 


61 


1 24 


PalL 


2 


7 


8 56 


PaU. 


2 


49 


8 43 


RiM. 


4 


88 


8 58 


Pall. 





77 


1 4 


Leyel. 


8 





8 


Rise. 


11 


27 


7 40 


Pall. 


2 


60 


2 79 


Rise. 


5 


27 


8 1 


Ditto. 


7 


60 


4 47 


Pall. 


1 


42 


8 78 


Ditto. 


1 


46 


2 68 


LeyeL 


5 


58 


5 58 


FaU. 





68 


1 82 


79 


9 


79 87 






Weight of engine ... 12 tons. 

Do. tender ... 6 
Waggons and loads ... 82 

Gh^ss weight 100 „ 

Priction of load 8 Ihs. per ton. 
Engine and tender 9 lbs. do. 

Engine gear ) ^n 
without load 5 '"^ 
Additional at 1 lb per ton. 

Diameter of wheel ... 5 feet. 
Length of stroke ... 1 
Diameter of piston 1 2 inches. 
Pressure of atmosphere, 14*7 lbs. 
per inch. 



tt 



Mean, 79 23 



Whence it appears that the effect of the several gradients will cost an 
expenditure of time and power which would have carried the train 10 
miles further on a horizontal plane ; being a loss of power of about 10 per 
cent. 

It will be observed, that in the preceding Tables the whole time of ascent 
is considered as if it were made with the uniform velocity, whereas the com- 
mencement of the ascent is more rapid in consequence of the original 
velocity ; it is, however, assumed that the little time thus gained is lost 
after the train reaches the top of the plane, by its having to regain its 

Y 



ft 


in. 


4 


6 


1 


6 





12 
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original horixontal Telocity. A similar remark applies to the time of 
desoentb 

To obtain a practical case, in order to compare the preceding roles with 
praotioey I wrote to Mr. R. Stephenson, and was famished by him with the 
following : — 

WHARNCLIFFE ENGINE. 

Diameter of driviog wheels .... 

Length of stroke • • . . . . 

Diameter of piston ..... 

Mean speed, horizontal plane, with a load of 100 tons, 20 miles. 
Mean speed up the Eainhill plane of ^ with a load of 

60 tons . . . . 12 „ 

Weight of engine, 12 tons ; tender, 6 tons. 

Let ns now assume the horizontal velocity of 20 miles, as given, and 
compute what the ascending velocity ought to be : 

First, 100 + 18 » 118 gross load, 
6w = 72 s 

A= g = 706 I ^ui 118 tons. 

118 X 9 =1062) 

^ ^ «« « M<«<« ^ 1839 1 1 

+ 9L' -1889, and —^ ^-^ y. 






And 



6 w » 72 ) 
A = 706 V with 68 tons. 
68 X 9 = 612 ) 

1389 1 1 

C + 9 L' = 1389, and — '■ — r-. =» — = T 

* 2240 L' 110 / 



milea. miles. 
1389 : 1839 : : 20 : 26i, 



the rate a load of 50 tons would be carried on a horizontal plane by the 
same engine : we have, therefore, by the formula 

V - v' _ _9^ 

f/ = -T r—z = 114 miles, 

8» + 9/ ' ^ 

the velocity of ascent, which, according to Mr. Stephenson's practical expe- 
rience, is 12 miles per hour ; as close an approximation as can be expected 
in such a case. 

The following Table contains a number of other practical examples, which 
will enable the reader to form a comparison of the results with the formula. 
They are taken from the experiments by M. Pambour, on levels and planes 

"89 ^^^ ■^- 
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FROM PAMBOITR. 












Load 


Descent Speed, 


Press 




Speed. 


Preea 


Y V M am 


« 


and tender, or levoL miles. 


of steant 


Ascent, milea^ of steam. 


July 17, 
1834. 


Atlas 


27-45 


jjhr 26-47 


64 


i 


14 


66 


uly 23. 


Do. 


39-40 


not giren 




A 


6 


65 


July 31. 


Do. 


40-15 


level 16 


m 


A 


7-5 


51 


Aug. 4. 


Do. 


44-26 


not giren 




h 


8-75 


61 


July 24, 
1834. 


JFury 


56 16 


lerel 17-14 


65 


A 


6-81 


66-6 


July 24, 
1834. 


Do. 


48-8 


level 17-50 


55 


i& 


16 


67 


Aug. 4. 


Do. 

1 


87-97 


level 25-00 


62-5 


i 


18-88 


65 


Aug. 1, 
1834. 


Vesta 


8315 


level 29 


50 


i 


1411 


65 


Aug. 16, 
1834. 


Do. 


87-45 


not given 




if 


8-26 


58 


Do. 


Do. 


89-05 


not given 




if 


8-0 


66-5 


Aug. 15, 
1834. 


Leeds 


88-15 


level 22-5 


46*5 


A 


10 


48-5 


July 22, 

1834. 

July 22. 


Vulcan 


89 07 


not given 




if 


11-42 


67-5 


Do. 


41-32 


not given 




A 


18-76 


67-6 








Inches. Stroke. 


Diam. W. 


Weight 




Atlas ... 


• • • • •• 


Diam. piston 12 16 in. 


6 feet. 


11 -40 tons. 


Fury ... 


• • • • •• 


>> 


11 16 


6 




8-20 




Verta ... 


• • • • • • 


>> 


Hi 18 


5 




8-71 




Leeds ... 


••• ••• 


It 


11 16 


6 




7-07 




Vulcan ... 


• • • • • • 


tt 


11 16 


5 




8-84 




Atlas ... 


• • • . • « 


26-47 : 




14 or 1 


•68^ 








Do. 


• • • • • • 


16 




7-6 1 


•47 








Fury ... 


••• ••• 


1714 




6-81 1 


I -87 








Do. 


• • • ••• 


17-60 




15 1 


•85 


Mean 1 : -52 




Do. 


• • « • • • 


26 00 : 




13-83 1 


-68 








Vesta ... 


• • • • • • 


29 00 ; 




14-11 1 


-48 








Leeds ... 


• • • • •• 


22-6 




10 1 


•44 J 









7)867 
-62 



^ *L 
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TABLE 8H0WIN0 THE SPECIFIC GEAVITT AND THE 
WEIGHT OF A CUBIC FOOT OF TAEIODS BUILDING 
MATEBIALS. 

The ipeeilia gntntj <i rain «*t«r bdng 1000. 









Wtlghtof 


cuMefoot 1 


Katiuill 


BpBdfic 


BTayitlM. 


1 


„ 






From 


To 




From 


To 


fca. 




Aaout(ralM) . . . . 


718 


. SiO 


4(1 '75 


61-25 






lieaD . 




Mean 


42-25 


Aih (drr) . 








eao 


'. 845 


4313 


62-81 


BeoGh (mcu mat) 










, 851 


43-50 


63-^7 


tdij) . 








690 




4312 




Kreh . . 








720 




45-00 




Box(DDtcb). 








1030 


'. 1328 


64-37 


83-00 


(Tarkey) . . 








950 


. 1024 


5S-37 


64-00 


Cedar ilndun) . 








1315 




82-18 




(Tvioiu conntrltn) 








458 


'. TBS 


28-31 


47-06 


(of Libuio.) 








<86 . 


603 


30-37 


37-68 


ChoirjTree 








672 


741 


42'00 . 


46-31 


Chestnut (Swwt) . 








635 


. 635 


33-45 


42-81 


(Horsi) . 








4S3 


657 


30-18 


41-03 


Coirrie. . 








579 




36-20 




Cyprtsj . 








eu . 


'. 655 


40-25 


40-93 


Blui (green) . 








893 . 


B40 


44-41 


58-75 


laeasoDed) 








553 


. £S3 


34 -SB 


30-75 


Pii (Norway Spruce) . 








512 




32-00 




(American) 








465 . 




29 -Od 




Luoh (eeasoned) red 








496 . 


'. 640 


31-00 


40 00 


(white) . 








3B4 . 




22-75 




Mabognoy (Spuiish) . 








81C 


'. 852 


51-00 


53-30 


(Hondarw) 








5B0 . 




36-00 




Oak (green) . 








1063 . 


. 1216 


68-43 


79-03 


(Irish Bog) 








1046 




65-37 




(Adriatic) 








B91 . 




62-06 




(American) 








752 . 




47-00 




(Bngli.h) dry 








625 . 




39-06 




(Dautiia) . 








755 - 




47-24 




Pear Tree (dry) . 








648 


'- 708 


40-37 


41-25 


Fine (AmericsD Fitch) dry 








741 


B3B 


46-31 


68-50 


(Scotch) dry . 








529 


836 


26-81 


43-50 


(Memel and Riga) 








WQ . 


. 553 


29-12 


34-56 










3G8 . 




23-00 




Plane . 








633 . 


648 


33-62 


40-50 










635 




39-96 




Poplar . . . 








374 


'- 529 


24-37 


S3-nrt 


Syi'imore 








590 


645 


38-87 


411-31 


Teak Idry) . 








667 . 


, B32 


41-08 


52-00 


Walnut Tree (green) 












57-50 




(dry) . 








613 


735 


38-50 


46-93 


WlUo» (graen) . 






619 . 




38-63 




(dry) 


4U4 


568 


25-25 


36-50 



BPEcmc QEAvnr of bdildinq matebials. 

TABLE— (eontiniKd). 



K»Tmi*U. 


Breciflo ftndtlai. 


Weight of a mhlo foot 


BtuKta un> 

Bualt. 

Btiok (oommon) 

(rtock) 

(Dntoh olini 

(WeUhfire, 
BriokwoA 
Chalk . 

(Clunch) . 
Flint . 
OnniUt . 
Muble 

Mortar (bait) drj 
(rarioo.) d 
PlMtCT, out . 
Puuolano . 
SerpsntiDO 
Siite . 
Stone (Bath) . 

(Blueliulln 

tSramle; Fa 
Stone (mnui «f ni 
Stonework . 

(Tork.b[« p 
TQe (oocmonj . 

E1RTB8, 
Cla; (Gammon) 

(with gravel) 
Coke . 
Coal , . 

GraTel . 

Lime (qaiak) 
Marl . . 

Smd (qoarta) 

Sbingie 

Water (Rain) . 
(Sea). 

Un 

Bna (cut) 

(«irf, plate) 
Copper (art) . 

(■beet) 
Iron (bar) 

L-d'-"'. ■ . 
Pe-ter 
Platinn . 

Bted . . 
Tin . . 


a-) 

T 

etton 

1) 

-ioae 

•TJDg 

Bto 


lin'da) 






From 
2478 

IfiST 
I8U 

i*sa 

2103 
Men 
2316 

isas 

2580 
262« 
2S80 
t3Si 
1414 
128S 
2G70 

mi 

2612 

1976 
2457 
250a 
2000 
Do. 
235d 
1816 

1B19 
26ti0 

74* 
1269 
1630 
1749 

S43 
1600 
2750 
14E4 
113* 
1000 
1027 

8100 
8141 
8607 
8786 
7«00 
7200 

113B2 
7243 

21631 
7780 
7281 


To 
.. SOOO 
.. 2000 
.. 2168 

'.'. 1620 
.. 2667 
.. 2657 
.. 2630 
„ SOOO 
3840 

'.'. 1SS3 

'.'. 2860 

.. 2M8 

.. 2888 

24B4 

'.'. 2688 

Do. 

2507 

.. 1868 

'.'. 1526 
.. 2016 

'.'. S870 

;; 1886 
:: 6541 

'.[ 7800 

.. 7600 

.. 11107 

'.'. 78*0 
T28» 


From To 

161'87 ... 1S7'.'50 

97 'SI ... 126-00 
116-06 ... 136-60 

92-62 ... 
150-60 ... 
Mean ... 9600 
144-68 ... IBflOB 
116-81 ... Iflfl-OS 
161-25 ... 184-37 
164-00 ..- 187-18 
161-26 ... 177-60 

86-50 ... 

88-37 ... 118-31 

80-37 ... 
180-62 ... 178-12 
180-06 ... 197-68 
167-00 ... 180-50 
123-43 ... 165-87 
451-18 ... 
168-62 ... 
125-00 ... 1(7-87 

Do. ... Do. 
147-2S ... 163-87 
113-43 ... 118-16 

119-B3 ... 
lfiO-00 ... 

16-50 ... 

79-31 ... BE-3T 

SB-00 ... 126-00 
109-80 ... 

6a-88 ... 
lOO- ... 179-87 
171-87 ... 

B0-B7 ... 117-87 

8B-00 ... 

62-60 ... 

6118 ... 

608 -26 ... 
627-56 ... 634-00 
637-83 ... 
649-00 ... 
475-00 ... 187-50 
160-00 ... 176-00 
709-50 ,., 712-93 
153-00 ... 
1846-63 ... 
488-26 ... 190-00 
155-68 166-18 



APPENDIX C. 

ESSAY ON THE EFFECTS PRODUCED BY CAUSING 
WEIGHTS TO TRAVEL OVER ELASTIC BARS-* 

General JUmarki and Description of the Apparatus 'erected in Portsnumtk 
Dockyard^ and of the Experiments performed sjoith ii by Captain James 
and Lieutenant Chiton. 

Om of the objecto to which the allention of the CommisBion was directed 
by the terms of its appointment, was ** to illustrate by theory and experi- 
ment the action which takes place under varyiug circumstances in iron 
railway bridges." Now a bridge has necessarily to sustain the action of 
loads which pass over it, and, in the case of railway bridges, the velocity of 
transit is exceedingly great. 

The effects of loading elastic bars with weights appended to them 
at rest have been very fully investigated, both by theory and experiment, as 
is perfectly well known ; but the effects produced upon such bars by causing 
the weights with which they are loaded to travel with more or less velocity 
along them had never been, as far as the Commissioners were aware, made 
the subject of research, either practically or theoretically. It was therefore 
resolved that experiments should be arranged for the purpose of determining 
the influence of velocity communicated to a load upon the deflection and 
fracture of the structure over which it is transmitted, and which has, 
therefore, to sustain its pressure during its transit. 

It was thought desirable at the beginning of the investigation, that the 
experiments should be made on a large scale, so as to give a practical value 
to the results, whatever they might be, that should be obtained. The 
object in view was to subject bars of cast iron to the action of passing 
loads for the purpose of examining how the velocity of any given load 
would operate to increase or to diminish its pressure upon the bars, and 
consequeutly of determining its power in deflecting or fracturiog them as 
compared with the effects of the same load, placed at rest upon the bars in 
the usual manner of experiments upon the strength of materials. 

An apparatus was therefore required which admitted of having bars 
which were to be the subjects of the experiments readily fi>xed to receive 
the passing load, the latter being capable of adjustment to various weights 
at pleasure ; and it was also requisite to have the means of giving any 
desired velocity to the load. J^astly, contrivances were required for the 
purpose of registering the effects. 

A liberal permission had been granted to us by the Lords Comnussionere 
of the Admiralty to make use of Portsmouth Dockyard for our experiments, 
and as the apparatus in question required considerable space, it was deter- 
mined to erect it in that place. Captain H. James, one of Her Majesty's 
Commissioners for carrying out the present iuquiry, also resided at Ports- 
mouth, holding the office of Director of Works in the Dockyard. He, 
therefore, was requested to undertake the construction of the apparatus 
required for the purposes already mentioned, and the mechanism about to 

• By the Rev. Robert Willis, M.A., F.R.S., &c., Jacksonian Professor in the Uni- 
versity of Cambridge. (Extracted from the Appendix to the Report of the Commissioners 
appointed to inquire into the Application of Iron to Railway Structures. Jul 26 1849.) 
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be described was wbolly contrived and set ap under bis direction. Of tbis 
mechanism it is sufficient to say that from the beginning it answered its 
purpose most admirably, requiring only a few alterations, the necessity for 
which became evident after the preliminary experiments had shown more 
clearly the points of the investigation that required to be developed. The 
experiments themselves were wholly carried out under the personal superin- 
tendence of Captain James and Lieutenant Qalton, the Secretary to the 
Commission. 

The apparatus was principally designed to experiment on bars of nine 
feet in length, and the load consisted of a small ordinary railway car, 
adapted to run on rails three feet asunder, and to receive pigs of cast iron, 
by which the weight of the whole could be adjusted from half a ton to two 
tons at pleasigre. It was determined to employ an inclined plane as the 
simplest mode of giving a manageable velocity to the load, and the space at 
command in the Dockyard enabled this plane to be erected upon a scale that 
raised its upper extremity 40 feet above the lower part 

The entire machine, together with details of every portion of it, is shown 
in Plates L and II. The form and proportions of the car and its rails are 
sufficientiy shown by its side elevation, plan and section, in figs. 4, 6, and 6, 
respectively. The general form and arrangements of the scaffold are given 
in figs. 1, 2, and 3. 

Figs. 1, 2. This inclined plane or scaffold supported the railroad, of 
which thirty feet of the upper part were straight and inclined to the horizon 
at an angle of 46°. The course of the bars was then bent into an arc of 
a circle of 50 feet radius, by which the upper and inclined part (A) of the 
railroad was gently and imperceptibly connected with (DI/) the horizontal 
portion beneath, which from the point of its junction with the curves was 
extended 18 feet to the place (0) where the ends of the trial bars were 
fixed. These were laid horizontally so as to form a continuation of the 
railway, with this difference, that whereas the railway bars were supported 
by chairs of the ordinary kind, fixed at intervals of H 6' to the framework 
of the scaffold, the trial bars were sustained by chairs of a peculiar con- 
struction (^^) at each end only. 

One of these chairs is represented in plan and aeotion on a larger scale in 
figs. 10, 11, and 12 ; from which it appears that this end of each trial bar 
((7) was cast with a projection beneath, and kept in its place laterally by a 
pair of wedges, which were not driven sufficiently tight to impede its vertical 
deflections. The lower surface of the above-mentioned projection, which 
formed the bearing surface, could be readily adjusted by the file so as to 
insure continuity between the upper edges of the fixed rail and of the trial 
bar respectively at their junction, and thus to avoid the jumping or jerking 
of the wheels of the car : for it is of the utmost importance to the accuracy 
of experiments of this kind that the oar should enter upon the trial bar 
without jolting. A wooden wedge was also dropped between the extremities 
of the rail and trial bar for a similar purpose. 

Beyond the farthest end of the trial bars, a portion of a similar railway 
was laid (as will be presentiy described), for the purpose of receiving the 
car after it had passed over the bars. Thus the bars formed a part of the 
railway for the time being, and to determine the effect of any required load 
and velocity upon the bars, it was only necessary to load the oar accordingly 
and draw it up to such an altitude of the plane as would correspond to the 
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desired velocity, and, lastly, to release it suddenly. It then ran down the 
plane and passed over the bars with the velocity acquired, deflecting or 
fracturing them as the case might be. From the nature of this apparatus 
it is necessary to fix a pair of trial bars into the frame, for as the car in its 
passage deflects the bars, it necessarily sinks downwards. If only one trial 
bar were employed, and the corresponding opposite one stiffened by reciting 
on a sleeper or otherwise, the car would be thrown laterally over. Some 
inconvenience arises from this necessity for employing two flexible bars at 
once ; but a greater one was occasioned by the fracture of the bars whenever 
that took place, which of course frequently did, since one object of the 
research was to discover the load that would fracture the bars with given 
velocities. But whenever either bar broke, the car, having lost its support, 
rolled head over heels into the yard, and usually some hours were con- 
sumed in repairing the consequent mischief ; also, the fear of such accidents 
made it necessary for the observers to escape to a safe distance before the 
car was released, instead of closely watching the phenomena of its passage. 

In estimating the load upon the trial bars, it mast be remembered that 
the weight of the car was equally divided between the two, and therefore, 
although the car was capable of being loaded to two tons, each trial bar 
could only be exposed to the action of half that weight. 

The vertical height of the top of the railway has been said to be 40 feet 
above the horizontal portion ; but the centre of gravity of the car could not 
of course be raised to the very top ; and deducting also the retarding effect 
of friction, it was found that the greatest actual velocity with which the car 
could be made to pass the trial bars was not greater than 43 feet per second 
(or about 30 miles per hour), a velocity due to a fall from only 30 feet when 
resistances are neglected. 

The actual velocity of the car was measured by Lieutenant Galton in the 
following manner : — a distance of 12 feet 6 inches was marked out on each 
side of the centre of the trial bar (see Plate II., figs. 4, 5, and 6), on enter- 
ing which a roller P, attached to the car, struck a lever M, which, by means 
of the link rods M' M\ pushed the plate K from under the pencil L, and 
allowed the latter to come in contact with and trace a line upon the cylinder 
0, which was maintained in equable rotation by an equatorial clock. The 
arrangement of the pencil, cylinder, and guard-plate Ky is shown at large 
in fig. 9. The clock was kindly lent by Dr. Lee, F.R.S., of Hart well 
House. When the car had passed to the end of the assigned distance, the 
roller P, striking the lever iV, raised the pencil by means of the connecting 
link rod N\ the end of which was jointed to an arm hanging from the axis 
to which the pencil carriage was fixed. 

We must now consider the mode of checking the velocity of the car and 
bringing it to rest, after it had passed over the trial bars. For this purpose 
the railway was continued beyond the trial bars, exactly in the same manner 
as in front of them, namely, by a curve and an inclined plane, which is re- 
presented in fig. 1, from D' to B. In the earlier experiments, the car, 
after pa-ssing the trial bars, ran up the second inclined plane, nearly as high 
as the point whence it had been released from the first. Then it ran down 
again, again passed over the trial bars and up the first plane, and so back- 
wards and forwards until its velocity became so far subdued that it could be 
stopped by hand. 

But these repeated journeys, besides wasting time, were found to interfere 
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80 Beriotulj wiUi the registering apparatus and the adjustment of the trial 
bars, that a better scheme was oarried out at the suggestion of Lieutenant 
Qalton, which is represented in figs. 4 and 6. 

A second railway was laid parallel to the first on the horizontal portion, 
having its bars respectively about nine inches distant from those of the first, 
and upon the same leveL This railway, about 60 feet in length, was curved 
horizontally to meet the first at its two extremities, and connected to them 
by switches ; the levers and connecting rods of which are shown at D i>, 
ly ly^ figs. 4 and 6. In the position of the apparatus represented in the 
plan, the switches are set in a position which does not disturb the continuity 
of the direct line of the rails. If the switches at each end are shifted to the 
position shown by the dotted lines, the horizontal portion of the direct line 
which contains the trial bars will be completely cut off, and the railway, de» 
Bcending the inclined plane and curves firom each side, will be conducted by 
the switches to the intermediate railway. (It is plain that the two sets of 
switches must be shifted.) The mode of performing an experiment with 
this improvement was as follows : — ^The switches were, in the first instance, 
set in ^e position of the figure, so as to continue the original direct line of 
rails, and the car, when released, ran down the left-hand inclined plane, and 
having passed over the trial bars, ran up the second plane to the right. 
Immediately the two switch levers were shifted so as to cut off the trial bars, 
and the car, returning, was thus diverted upon the intermediate line upon 
which it travelled backwards and forwards, running up and down the two 
curves and inclines as before, but without repassing the trial bars or de- 
ranging the registering apparatus. 

It remains to describe the apparatus represented in the figures 4, 5, 7* 8, 
by which the effects and results of the experiments were registered. In the 
earlier trials it was only thought necessary to ascertain the central deflection 
of the trial bar, in order to ^compare its amount as produced sUtUcaJtly by 
placing the loaded car at rest upon it, with its amount when obtained 
dynamicaUy by running the same loaded car over it. Tlus deflection was 
simply obtained by a horizontal lever set at right angles to the middle of 
the trial bar, and having one end in contact with its lower surface. The 
other end of the lever carried a pencil, which, when the bar was depressed, 
either statically or dynamically, traced a line upon a piece of paper, the 
length of which line was proportional to the deflection. 

But upon investigating the theory of these experiments I soon perceived 
that the information thus conveyed was wholly inadequate, and that much 
more information was required of the movements imparted to the bar by the 
passing weight. At my suggestion, therefore, the registering apparatus 
represented in the figures was substituted for the simple deflectograph above 
described. The reasoning which led me to the contrivance of this apparatus 
will be fully explained below (see p. 346), and although, as it will appear, 
its construction was not sufficiently delicate to carry out my purposes as 
originally intended, it was employed for the whole of the subsequent series 
of experiments. Five pencils were attached to as many points of the trial 
bar, equidistant from each other and from the ends of the bar. In the 
section, fig. 7, C is a trial bar, and a spring pencil appears beneath it, the 
tube of which is fixed to a damp that can be readily screwed to the lower 
part of the bar so as not to be displaced by the flanges of the car wheels in 
their passage along the upper surface of the bar. 
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A long board, E E, ib placed in finont of and parallel to the bar at a dia- 
tanoe of about an inc^ and a quarter. This board, six inbhes in width (or 
rather height), is arranged as shown by the section, so as to mn easily upon 
rollers in the direction of its length. Its inner yertical surface (or that 
which lies next to the bar) is covered with paper and receives the traces of 
the five pencils ; for, as shown in fig. 6, the board E is sufficiently long to 
be in contact with all the pencils a, 6, e, d, e, at the same time. If the board 
remained at rest during the passage of the car, it is plain that each pencil 
would trace a line upon the paper, which would be equal to the deflection of 
the corresponding point of the bar to which that pencU was fixed ; and thus, 
instead of recording merely the central deflection of the bar, the apparatus 
would inform us of the deflection of each of the five points of the bar. Let 
us now suppose that a slow equable motion is given to the board, which, as 
already explained, is mounted on roUers. In this case each pencil will, in 
lieu of a simple vertical line, trace a curve in the form of a loop or irregular 
U, the inflection of which will, when properly analysed, inform us of every 
particular respecting the motion of the bar, as I shall explain at length 
below. 

However, to do this completely, the board must be maintained in motion 
with a constant velocity such as an equatorial dock or similar contrivance 
alone can effect, and that only when the board and its roUers are so mounted 
as to move with small and equable friction, a condition which the general 
roughness of the apparatus in question rendered inadmissible. The board, 
therefore, was simply fitted to receive its motion from the descent of a 
weight at G^ (figs. 4, 6, 8,) fastened to a string, which, passing over three 
pulleys, was thereby conducted into the proper horizontal direction, and aUo 
to the level of the board, to the end of which it was tied. The weight was 
temporarily prevebted from descending by a small board placed under it, and 
which was connected to a lever IT, as shown in the figures, in such a manner 
that when the car in its course arrived at this lever, near to the trial bar, it 
struck it aside, and thus drawing the board from beneath the weight, the 
latter began its descent, dragging with it the board. The board thus received 
a travelling motion, of course considerably accelerated, but which enabled it 
to receive from the pencils curves of the nature of those above described. 

These curves, although from the irregular motion of the board they were 
inadequate to convey the entire information for which I sought, did yet suf- 
fice to record the simultaneous deflections of each of the five points, and 
were used for this purpose alone. The remaining information I contrived to 
obtain by means of my own, which will presently be described. 

Upwards of four hundred* experiments were made with this apparatus by 
Captain James and lieutenant Galton, and the results which they obtained 
were equally new and important, developing, for the first time, the fact that 
a given weight passing rapidly along a bar produces a greater deflection in 
that bar during its passage, than it would have done had it been suspended 
at rest from the centre of the bar. 

The three first series of experiments were made upon bars of Blaenavon 
cast iron, nine feet long, of which those of the first series were an inch 

* la this enumeration each jonrnej of the carriage la reckoned as one experiment. 
But in the Tables the experiments are arranged in groups of se^en ur eight of such 
journeys, each group being numbered as one experiment, so that the total number of 
experiments appears much less. 
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broftd and two inohes deep. In the seoond they were one inoh broad by 
three inches deep, and in the third four inches broad by an inch and a-half 
deep. As these three aeries were each managed in the same manner, it will 
only be necessary to describe one at length, for which purpose I shall select 
the second series.* In describing the load of the car, it must be remem- 
bered that its actual weight is distributed upon four wheels^ two of which 
rest on each trial bar. Thus, when the weight of the car and its load 
amount to 2240 lbs., each bar is loaded with 1120 lbs. ' In describing the 
experiments, therefore, the weight mentioned must be understood to be the 
total weight of the loaded car. 

In the first place, a sufficient number of bars haring been cast of the 
above-stated dimensions, a pair of them were placed in the chairs, and the 
car having been set at rest upon their oentre,t was loaded with gradually in- 
creasing weights from 1120 fbs. upwards, until one of the bars broke, the 
deflections and sets having been carefully noted for each accession of weight. 
This preliminary experiment, which was repeated upon three pairs of bars, 
was made for the purpose of testing in the usual manner the actual strength 
of the bars which were to be the subject of the dynamical experiments. It 
was thought better to test in this manner the quality of specimens taken at 
random from the actual parcel of bars provided for the dynamical experi- 
ments than to trust to calculated results. 

A pair of bars were, in the next place, selected for a dynamical trial, and 
placed in the chairs. The car was loaded with 1120 Sm. and placed at rest 
in the centre of the bars. The statical deflection was 0*32 inch. The car 
was then drawn up to the point of the inclined plane which corresponded 
to a velocity of 29 feet per second, or 20 miles per hour, and suddenly re- 
leased. The transit over the bars produced a deflection of 0'36 inch. The 
velocity given to the load had thus added one-tenth to the statical deflec- 
tion. The car was then loaded to 1778 fi>s., 2348 fts., 2670 lbs., and so 
on, adding 56 lbs. each time, and always releasing it from the same point of 
the plane, the deflection meanwhile steadily increasing at each increase of 
weight, until, with a load of 2999 9^, it became 2*67 inches. This load 
would, calculating frt>m the statical deflection of the same bar by 1120 lbs., 
have produced a statical deflection of 1 *30 inch. The velocity, therefore, in 

* See the Tabular Summary below, p. 336, Second Series, Experiment No. 7. 

t The deflections here obserred were not the greatest statioU deflections that might 
hare been produced with the same load. For in the case of a beam supporting two 
distinct concentrated loads (for instance^ the pressures of two wheels of the loaded 
carriage upon one of the elastic bars in the experiment) the greatest stress (and therefore 
deflection) is prodnoed when x 

* "^ T "" 2{W+W') ^*^* ^«^*» ^ unequal, or 
X = — when the weights are equal ; 

in which expressions 

WuidW = the weights (in the present ease TT » TF^ 

X = distance of W from the nearest support giring the point 
of maximum strain 

I = total distance between supports 

8 » distance between the weights. 
Although the so-called maximum statical deflections were not obserred for this position, 
yet the loaded carriage in trayelling orer the bar occupied it for an instant, so that the 
recorded deflections prodnoed dynamically hare an undue adTantage oTer those produced 
statically.—Bs. Present Edition. 
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this case more than doubled tbe statical deflection due to the load. The car, 
as already observed, was always drawn np to the same point, so that the 
Telocity remained constant in each set of experiments with a given pair of 
bars, and the load was increased at each successire trial until oue or both 
bars broke. In the set of experiments we are now considering, the next 
load of 3167 lbs. fractured both bars at once. The mean statical breaking 
weight of bars of these dimensions is about 4200 Jtm, Thus it is shown 
that the motion of the load over the bars increases the deflection, and, as 
would naturally follow, enables a smaller weight to fiitcture them. When 
higher velocities are given to the car, the above effects are increased. 

A pair of bars received from a load of 11 20 lbs. a statical deflection of 
0*27 inch.* When a velocity of 43 feet per second (30 miles per hour) was 
given to the car, the deflection became 0*62 inch ; and with loads of 1778 fi>s. 
and 2066 fi>s., it reached 1*07 inch and 1*87 inch respectively. The bars 
were fractured with 2122 fiys. ; their mean statical breaking weight being 
about 4200 lbs. Calculating the statical deflection due to the above loads, 
it appears that this high velocity enabled 1778 lbs. to effect more than 
double that deflection, and 2066 Jb^ to increase it threefold. 

To estimate the increase of the statical deflection produced by the 
velocity of the load in the above examples, it is necessary, as I have shown 
above, to know the statical deflection due to each load. Now the object of 
the experimenters was simply to ascertain the breaking weight of each pair 
of bars under a given velocity. They, therefore, only tried the statical de- 
flection of each pair with the first load of 1120 lbs. ; for in dealing with 
cast iron, the imperfection of its elasticity and the consequent amount and 
irregularity of the set make it necessary to avoid as much as possible the 
repeated deflections of the bars. On this account they did not ascertain 
the statical deflection for each successive load, but contented themselves, 
after the first trial, with releasing the car from its constant altitude, in- 
creasing the load at each trip tuitil the bars broke. The statical deflection, 
therefore, after the first, can only be calculated by comparing that first 
deflection due to 1120 fits, with the deflections in the preliminary statical 
experiments already described, which were made for this purpose. 

The irregularities introduced by the set of the bars, which our imperfect 
knowledge of that phenomenon makes it impossible for us to remove from 
the calculations, must prevent this method from being very accurate, but it 
will be found sufficiently exact to enable us to compare roughly the statical 
with the dynamical deflection, considering the other sources of irregularity 
and error which are inseparable from experiments of this nature, as I shall 
point out below. 

If indeed the whole of the bars could be cast of the same strength, the 
deflection of one bar would correspond so nearly to those of the other that 
no sensible error need be apprehended, but this can never be the case. 
Compare, for example, the three experiments in the second series upon a 
velocity of 15 feet with the three following upon a velocity of 29 feet, and 
it will appear that the statical deflection due to 1120 S)s. in these six 
experiments vary from *29 to *42, although all the bars were cast in the 
same mould. 

But to compare the effects of velocity upon the deflections with more 
accuracy, some experiments were subsequently undertaken upon a different 

* See Second Series, p. 837, ExperimeDt 14. 
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principle, namely, that in each set the velocity ahonld be yaried, and the 
load remain constant ; thus the statical deflection due to this constant load 
being ascertained at the beginning "was applicable without error to the 
whole : these are contained in the sixth and seventh series of experiments.* 

Within the limits employed in the previous experiments, the increase of 
Telocity had been constantly accompanied by an increase of deflection, but 
it was conceivable that with a very high velocity the load might pass over 
the bar without having time even to fall through the space required for the 
statical deflection, and that thus there must be a limit to the increase of the 
deflection, so that beyond the velocity corresponding to this limit, the 
deflection would diminish. It was dear that this limit would be approached 
more nearly by employing shorter bars, and those as flexible as possible, for 
the purpose of at once diminishing the time of passage, and increasing the 
space through which the load must fall vertically. Bars of wrought iron 
were tried, 4 feet 6 inches in length ; and in order to get rid of the com- 
plication of effect produced by having two wheels pressing on the bar at 
once, the car was elongated, so as to render the distance between its axles 
6 feet 6 inches. 

The load, therefore, still pressed upon each rail with two wheels, but as the 
trial bar was shorter than the distance between these wheels, the travelling 
load could only press upon it in one point at a time, for the front wheel had 
completely passed off the bar before the hind wheel entered upon it. The load 
was laid so as to press much more upon the front than upon the hind wheel, 
and thus the effect of the passage of the latter was insignificant. The 
desired maximum deflection was not, however, reached by these bars, as 
will be seen by referring to the Tables in the Report (pp. 239, 240). 
But a pair of steel bars 2 feet 3 inches long, 2 inches broad, and ^ iuch 
deep, gave the following results, and exhibited the effects which were 
sought for : — 

Velocity, in feety per second 15 24 29 84 44 

Central Deflection . . . . 70 102 1-82 1*46 1*80 103 

A bar of vnrought iron 9 feet long, 1 inch broad, and 3 inches deep, 
with a load of 1778 lbs., gave the following relations between the velocities 
and deflections, in which the latter pass the maximum limit : — 

Velodtj, in feety per second 15 29 86 48 

Central Deflection '29 '38 50 *62 *46 



The foUomnff Tablet eoniain a Summary of the central dfjieeticn in the three firet Seriee 
of the Portemouih Experimente, eaowing the veloeiiiee and weighte employed, the 
ttatical dictions due to thoee weighte, the dynamical d^fiectione obtain^ and the 
raUo between the tt<Uical and dynamical d^cUone in each caee. 

The ban were all 9 feet long between the sopports : the first oolomn in the following 
Tables contains the number corresponding to each experiment (or rather set of experi- 
ments) in the detailed Tables given in the Appendix to the Report, p. 215. The second 
column c^ves the weight upon eseh pair of ban. The third oolomn contains the statical 
central deflection due to the weight The first deflection in each experiment which 
corresponds to the weight of 1120 lbs. was obtained bj trial, the remainder for the 
higher weights, calculateid as explained above. The fourth column contains the dyna- 
mical deflections given by the experiment. Finally, the fifth oolomn is the ratio of the 
dynamical to the statical deflection. 

Each exi>eriment was terminated necessarily by one or both ban breaking. This &ct 
is recorded by the word '* broke^** inserted in that part of the Table which belongs to the 
fractored bar. 

* See Table X. below, p. 868. 
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diiecttei.' 
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Telodt; 15 r<et per Bcoond. 


i 


1120 


■88 


1-2* 


111 










1210 


1-10 


1-70 


1-Sl 










u*o 


118 


1-98 


1S4 










1E60 
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2-Sl 
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2-09 


3^00 
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5 
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-ss 
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1-91 


1-Sl 
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8-50 
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S^Ofl 


l^il 
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S-SS 


1-68 
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8-61 


1-70 










ISU 


2-18 


*17 


I'M 


Brolw. 






S 


3120 


■«3 


■T4 


1-19 










1210 


■77 


■88 


1-11 










1356 


■S3 


1-10 


1-18 










MOD 


1'07 


1-Sl 


1-25 










I6ii0 


r20 


176 


1^47 










1880 


i-%s 


237 


I^71 










1782 


1'51 


2-90 


192 










1816 


Broke. 












VelM% SI (eel per eeoond. 


7 


1120 


-61 


1-oa 


1-60 










1210 


■80 


1-66 


1-81 










I35fl 

UI9 


■B8 
10* 


2-70 

3-ie 


2-81 
8-01 










1140 


Broke. 






Broke. 






8 


1130 


'85 


■87 


1-13 


■88 


1-10 


125 




1210 


•81 


1-10 


1-35 


110 


1-30 


1-ia 




1S5S 


■88 


2 32 


2-37 


1-82 


1-80 


1-21 




1412 


rofl 


2'8S 


2 ■89 


1-43 


2'13 


1-70 




1110 


1-09 


3-ai 


B60 


i-ia 


3-79 


1-86 




11(18 


lis 






l-Bl 


2-88 


1-87 




1496 


M7 


s-'si 


3''a7 


1-69 


2-91 


1-85 




1521 


Broke. 






Broke. 
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F1B8T SiUBS — (continued). 
Ban 1 ineli broad, 2 inclies deep. 







Left bar. 




Right bar. 




No.ofezp»- 
rixnent 


Weight in 










Statical 


Dynamical 


Ratio. 


SUUcal 


Dynamical 


'Ratio 






deflection.* 


deflection. 


deflection.* 


deflection. 




Velocity 24 feet per leeond. 


9 


1120 


•74 


114 


1-54 


•72 


1^10 


1-52 




1240 


•92 


1-47 


1^59 


•90 


1^30 


1-44 




1356 


1-10 


1-74 


1-58 


108 


1-68 


1-55 




1412 


1-20 


2 02 


1-70 


117 


1-70 


1^45 




1440 


1-24 


2-23 


1-80 


1-21 


2-00 


1^65 




1468 


1-29 


2-41 


1^87 


1-25 


2-86 


1-89 




1496 


1-38 


2 54 


1-90 


1^29 


2^74 


2 12 




1520 


1-37 


2-68 


1-96 


1-83 


3 00 


2-26 




1552 


1-42 


277 


1-95 


1-38 


3-24 


2-35 




1580 


1-46 


8 08 


2 11 


1-42 


3-60 


2-54 




1604 


Broke. 


• • • 


• • • 


Broke. 










Velocity 29 feet per seconi 


i. 






10 


1120 


•96 


1-80 


1*89 


1-80 


2-10 


2 10 




1240 


Broke. 


• • • 


• ■ • 


Broke. 






11 


1120 


1^17 


2-54 


217 


•75 


204 


2-71 




1176 


1-81 


3 36 


2 56 


•84 


2 65 


315 




1204 


Broke. 


• • • 


• • « 


•89 


3-10 


2-76 


12 


1120 


•96 


2-30 


2*39 


1-18 


2^04 


1-72 




1176 


108 


3 03 


2-80 


1-32 


2^68 


2 03 




1204 


Broke. 


• .. 


« • • 


Broke. 










Velocity 88 feet per eecoiK 


1 






18 


1120 


•84 


2 02 


2*40 


•73 


1^86 


2-55 




1176 


•94 


2-67 


283 


•82 


2^26 


2-76 




1204 


Broke. 


• •• 


• • • 


•87 


2-60 


2-99 


14 


1120 


•81 


1-31 


1-61 


•70 


115 


1-64 




1176 


•91 


1-86 


2-06 


•78 


1-50 


1-92 




1204 


•96 


2-44 


2 54 


•88 


1-91 


2*28 




1232 


1-00 


8^02 


3 02 


•8T 


2-46 


2*83 




1260 


1-04 


3*65 


8-51 


•90 


2-80 


311 




1288 


Broke. 


• • • 


• • • 


•95 


2-90 


3 05 


15 


1120 
1148 


1-30 
Broke. 


3*04 


2-34 


1^12 


2^48 


2-21 






Veloeity 86 feet per aecoiu 


1. 






16 


1120 


•86 


1-86 


216 










1148 


•94 


2-25 


2-38 


Broke. 







* See note, page 831. 
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F1B8T Sbriu — {eontintud). 
Bars 1 inch broad, 2 inches deep. 



No. of expe- 
riment. 


Weight in 


Left bar. 


Bight bar. 


SUtical 
deflection.* 


Dynamical 
deflection. 


Ratio. 


SUtical 
deflection.* 


Dynamical 
deflection. 


Batia 


Velocity 86 feet per second. 


17 
18 


1120 
1148 
1176 

1120 
1148 
1176 
1204 


•72 
•76 
Broke. 

•70 

•74 

•78 

Broke. 


1-64 

2-26 

... 

1-50 
210 
2-31 

• • • 


2^28 
2-97 

... 

214 
2-83 
2-76 

• • • 


•70 
•74 
Broke. 

•70 
•74 
•78 
Broke. 


1-50 
2*08 

1-40 
1-78 
214 


214 
2-80 

2-00 
2 33 
2-74 



TABLB n.— SsooHD Skbiis. 
Bars 1 inch broad, 8 inches deep. 



No. of expe- 
riment 


Weight in 


Left bar. 


RifiThtbar. 


Statical 
deflection. 


Dynamical 
deflecUon. 


Ratio. 


Statical 
deflection. 


Dynamical 
deflection. 


Ratio. 






Velocity 15 feel 


fc per seooni 


1 




I 


4 


1120 


•37 


•41 


1-1 


•39 


•41 


105 




1778 


•69 


•58 


•87 


•73 


•70 


•96 




2348 


1-02 


•97 


•95 


1^07 


1-00 


•93 




2965 


1-47 


1^65 


1^11 


1-55 


146 


•94 




3296 


1-74 


2-35 


1-34 


1-84 


1-95 


1^06 




3352 


1-80 


2-70 


15 


1^90 


2-38 


1-25 




3408 


Broke. 












5 


1120 


•38 


•42 


1^10 


•44 


•47 


1^06 




1778 


•71 


•69 


•97 


•82 


•72 


•88 




2348 


105 


102 


•97 


1^21 


102 


•84 




2956 


1-51 


1-66 


110 


1-74 


1^53 


•91 




3296 


Broke. 


• • • 


• • • 


• • • 


1-72 




6 


1120 


•29 


•31 


1-07 


•27 


•36 


1-33 




1778 


•54 


•60 


111 


•51 


•60 


1-18 




2348 


•80 


•83 


1-04 


•75 


•80 


107 




2965 


1-19 


1-50 


1-26 


1-07 


115 


1-07 




3296 


1-37 


185 


136 


1-28 


132 


1-03 




3408 


1-46 


2 22 


152 


136 


1-45 


1-06 




3464 


1-50 


2 65 


1-76 


1^40 


1-56 


1^11 1 




3496 


Broke. 


• • • 


• • • 


• • • 


1-82 








Velw 


;lty 29 feet 


per 8econ( 


i. 






7 


1120 


•32 


•36 


1-11 


•32 


•42 


1-31 




1778 


•60 


•76 


1-26 


•60 


•86 


1-43 




2348 


•88 


136 


1-52 


•88 


134 


1-52 




2670 


1^07 


1-82 


1-70 


1^07 


1-78 


1-66 




2775 


114 


2 06 


1-80 


M4 


1-88 


1-65 



See note, page 331. 
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Sboond Sbubs — (eotUinued), 
Ban 1 inch broad, 3 inches deep. 







Left bar. 


Right bar. 




No. of expe- 
riment. 


Weight in 










Statical 


Dynamical 


Ratio. 


Statical 


Dynamical 


Batio. 






deflection.* 


deflection. 


deflection.* 


deflection. 


Velodty 29 feet per second. 


7 


2831 


1-18 


216 


1-83 


118 


191 


1-62 




2887 


1-22 


2 27 


1-86 










2943 


1-26 


2 52 


2-00 










2999 


1-30 


2 67 


2 06 








■ 


8167 


Broke. 


..• 


... 


Broke. 






8 


1120 


•42 


•64 


1-28 


•46 


•64 


1*42 




1778 


•79 


1^19 


1-60 


•14 


1^09 


1-30 




2348 


1-16 


2-02 


1-76 


1^24 


167 


1^26 




2956 


Broke. 


• • • 


• • • 


Broke. 






9 


1120 


•83 


•62 


1-67 


•82 


•42 


1-31 




1778 


•62 


•88 


1^42 


•60 


•76 


126 




2348 


•91 


1-69 


1^76 


-88 


1^68 


1^80 




2966 


1-31 


2-77 


2 07 


127 


2^01 


168 




3011 


Broke. 


• • • 


• •• 


Broke. 










Velocity 36 feet per second 


1. 






10 


1120 


•39 


•67 


1^71 










1778 


•73 


1^12 


1-63 










2348 


1-07 


2^08 


1-94 










2468 


Broke. 


• • • 


• •• 


Broke. 






11 


1120 


•34 


•60 


1^47 


•37 


•68 


166 




1778 


•62 


109 


1-76 


•69 


103 


1-49 




2348 


•92 


190 


2-05 


102 


178 


1-73 




2404 


Broke. 












12 


1120 


•49 


•72 


1-47 


•40 


•72 


1^8 




1778 


•93 


1-31 


1-42 


•76 


1^64 


2^06 




2348 


Broke. 


• • • 


• •• 


Broke. 










Velocity 43 feet per seconc 


I. 






13 


1120 


•34 


•44 


1^29 


•30 


46 


1-63 




1778 


•62 


•93 


1-60 


•66 


118 


210 




2066 


•76 


1-66 


2 04 


•68 


1*84 


2-67 




2182 


Broke. 


• • • 


• • • 


Broke. 






14 


1120 


•27 


•62 


1-92 


•30 


•68 


2 27 




1778 


•51 


1^07 


210 


•66 


1^80 


2 31 




2066 


•61 


1-87 


8 07 


•68 


2 00 


2 94 




2182 


Broke. 


• •• 


• •• 


Broke. 






16 


1120 


•24 


•38 


1^68 


•26 


•60 


1-92 




1776 


•46 


•86 


1^90 


•60 


102 


2 04 




2066 


•66 


1-30 


2-36 


•69 


1-40 


2-36 




2182 


•60 


1-86 


3 09 


•66 


2 02 


811 




2242 


Bi-oke. 


• • • 


• • • 


Broke. 







See note, page 3dl. 
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TABLB IIL— Tbiu Suim 
Bui* i iucbcii brooil, 1 1 inch da 



No. o(«p«l- 




1 


v,,..^ 


1 




WBlgbltolta. 1 8Uli™l dBllBctlon.' 


dedHTUDO. 


1 R.l». 1 


VelDcaty IS feet pet Moond. 


3 


iiao 




■43 


■63 


1'IQ 




1773 




■83 


1-3S 


1-64 




3343 




1-27 


2-00 


1-57 




2S55 




I'SS 


S'78 


2-01 




SlSl 




3 17 


4 -63 


2^14 




3-J47 




2-23 


4-86 


217 




3303 




Broks. 






i 


1120 




■BT 


■78 


I'Se 




1778 




110 


145 


132 




231S 




1-71 


2'2l 


1-29 




3yss 




254 


412 


162 




B29fl 




3-04 


4 85 


1-59 






Eight hK broke. 






TeUcitj 39 fcrt par noond. 


5 


1120 




■74 


108 


1-46 




1778 




1-4* 


2 04 


1.-42 




aoflfl 




l-BS 


sn 


1-48 




234S 




3^1 


414 


1-87 




2G70 




Both ban broke 






6 


1120 
1773 




■60 
1-Iii 


101 
2-17 


1-68 
1-87 




S3 J 8 




I -SO 


3-73 


2oa 




Lfiro 


Br^ks, 






Telocity 36 feet per wtond. 


T 
B 


iiao 

1778 
2(11)0 
217d 

1120 




■52 
100 

Bi,.ke. 

■ES 


■P5 
2^19 
368 

]'23 


1-82 
2-19 
3-03 

211 










3-U 


2-78 




MflO 




Both bara broke. 










Velocity 43 feet pa EecoDfl 






B 


1120 
1778 




■03 
BothbMsb 


I'St 
roke. 


2-45 


10 


1120 




■SO 


1-28 


2-SS 




1402 
1522 




■69 
■77 


2-31 
318 


3-:(5 
413 




1633 




■85 


4-:!9 


S-14 








Rifilit bar broke 
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The mode in which the bars were fractured in the aboTe experiments is 
delineated in Plate III. It will be seen that the fractures took place, with 
few exceptions, at points beyond the centre of the bar, and that the bars 
were usually broken into three, and often into four or five pieces, thus indi- 
cating a great and violent strain towards the end of the transit of the 
load, which will be found in perfect accordance with the theoretical and 
experimental results given in the succeeding chapters. It must be observed 
that in all the examples of the third series, in which broad thin bars are 
used, there is but a siogle fracture, and that always beyond the centre. 

The results which we have passed in review were obtained from hori- 
zontal straight bars. But it was suggested that if the bars were curved, 
or made convex upwards, the increase of deflection produced by the 
velocity of the load would be certainly diminished, and might be entirely 
removed ; for as the effects in question are analagous to the centrifugal 
action of bodies moving on curves, if the bar were curved into such a form 
that the weight of the load should depress it exactly to the horizontal 
line, passing through its bearing points, then this centrifugal action would 
be completely destroyed. And if this were not exactly effected, the convex 
curvature would diminish the pressure of the moving load. It was for the 
purpose of following out these views that the '^ Eighth Series of Experi- 
ments," namely, upon curved bars, which will be found in pages 241 to 
244 of the Parliamentary Report, were undertaken. They show a con- 
siderable reduction in the increment of deflection produced by the velocity of 
the load, but they were not carried far enough to lead to complete results. 

It is very doubtful whether in practice dif^culties would not be introduced 
by the attempt to curve the rails, that would counterbalance the diminu- 
tion of deflection. A bad joint or sudden change of direction in the rails 
has a much greater effect in enabling the carriages to shake and strain the 
bridge than the velocity of the load can possibly pr9duce. Now although 
the bridge may be, and indeed generally is, curved or cambered upwards in 
a slight degree, the rails are laid in straight lengths. Thus they form a por- 
tion of a polygon with very obtuse angles, and a carriage travelling with the 
high velocity employed on railwrays is necessarily at each angle of this polygon, 
that is, at each joint of the rail, projected onwards in the direction of the 
rail it has left, so as to fall, in a small parabola, upon the next rail, "with a 
blow that, repeated as it is by the continually passing carriages, gradually 
serves to deteriorate and disarrange the joints of the railway. This effect is 
very observable, and in the experiments of the Commission upon Ewell 
Bridge I was able to detect it by the jumping of the engine, <ba, during the 
passage of the train, while I was stationed beneath the bridge to watch the 
deflectograph. The rails of this bridge are carefully laid with good joints, 
but the rails, as above described, are straight, and the bridge cambered. 

The experiments upon Ewell and Godstoue Bridges, the results of which 
are given below,^ were made for the purpose of comparing the startling and 

* EzperimenU made by the Commissumert on the Ewell and Oodttone Bridget, 

The apparatus employed in making these Experiments is detailed in Plate lY. 

EtoeU Bridge. {Eptom and Croydim Bailway,) 

Span, 48 feet. 

Two girders to sappcrt each Ibe of rails. 
Depth of girders at centre, 8 feet 6 incites, 
llfidth of bottom flange, 20 inches. 
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tinexpecied results obtamed at Portsmonth with some cases of real practice 
in order to discoyer whether an increase of deflection was to be found in 
actual bridges of the same nature and amount as those which exhibited 
themselves upon the 9-feet bars. It will be seen that in the Ewell Bridge, 
the span of which is 48 feet, the statical deflection produced by the engine 
and tender was only 0*215 inch. This was increased to 0*245 inch by a 
Telocity of 54 feet per second, or about 35 miles per hour. A velocity of 
75 feet gave a somewhat lees deflection, namely 0*235 inch : — 



Hence, 



ffreatert dyniunieal deflection 
statical deflection 



1-U. 



exhibiting an increase of about one-seventh. 

In the case of the Godstone Bridge, the span was 30 feet, the statical 
deflection produced by the engine and tender was 0*19 inch, and the dyna- 
mical deflection due to a velocity of 73 feet per second was 0*25 inch. 



TliickneBS of do., 8 inches. 

Weight of two girders 

Weight of platform between these girders 

Total weight of half the bridge 



Weight of engine 
Weight of tender 

Total 

Velocity in feet 
I>or second. 

25 

30-9 • 
32-3 
637 
75 



tons. 
20 
10 



30 




39 

Deflection in decimals 
of an inch. 

•215 

•215 

•23 

•225 

•245 

•235 



The deflections do not increase steadily, but this could hardly be expected from the 
many causes of disturbance. 

Godstone Bridge. {South Eastern Railway,) 
Span, 30 feet. 

Three girders support the roadway. 
Depth of girders at centre, 3 feet. 
Width of bottom flange, 1 5 inches. 
Thickness of do., 2^ inches. 

Weight of two girders .... 
Weight of platform between these girders 



Total weight of half the bridge 



Weight of engine 
Weight of tender 

Total 

Velocity in feet 

per second. 



22 

40 

73 



tons. 
15 
10 

25 

21 
12 

33 



Deflection in decimals 
of an inch. 

•19 

•23 

•22 

•26 
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TT dynamical deflection __ ^.q-ir 

statical deflection ' 



841 



showing an increase of little short of one-third. 

In experiments of this kind the deflections must be ascertained very care- 
fiilly, for they are so small that the increase may escape notice altogether 
if roughly measured. Tet it. must be remembered that the increase of 
pressure on the bridge produced by the dynamical action is measured by 
the increase of the deflections, however small the deflections themselves 
may be. We therefore selected bridges which were built to carry railways 
over roads, so that we could erect a temporary scaffold upon the road that 
should be perfectly independent of the flexure of the bridge above, and of 
easy access (Plate IV.) Upon this scaffold was fixed a vertical drawing- 
board to receive the trace of a pencil, clamped to the lower edges of one of 
the girders of the bridge. Thus the pencil during the passage of the engine 
and tender traced a vertical line equal to the deflection. The board was 
constructed so as to admit of being shifted horizontaUy after each deflection 
had been traced, and thus to be ready to receive the trace of the next. 
The pencil was carefully watched during the passage of the load to guard 
against accidental jerks or shifts of the apparatus, which, however, were not 
foimd to happen. 

Table of Velocity. 



Velocity In feet 


Velocity in miles 


Height in feet 
due to yelooity. 


per second. 


per hour. 


10 


6-82 


1-56 


16 


10-2 


8-49 


20 


18-6 


6-21 


80 


20-6 


13-97 


40 


27-3 


24-8 


44 


80- 


80 05 


50 


841 


88*82 


60 


40*9 


59-00 


70 


47-7 


76-08 


80 


54-5 


99-87 


88 


60- 


120-24 


90 


61-4 


126*77 


100 


68*2 


155-27 



The foregoing Table may be naefnl for reference during the reading of this Essay, to 
eompare velocitiee, measnnd in feet and miles lespeetiyely. 



On the general Nature of the Problem^ cmd on the Apparatus employed by 
me at Cambridge to obtain the Trajectory mechanicaUy, 

Havhto now explained the apparatus employed at Portsmouth, and the 
remarkable results which it has produced, it remains to examine the laws 
which connect the phenomena, in order to extend them to larger struotores, 
and ascertain the effects of moving loads upon actual bridges. A few 
simple mechanical considerations will explain the method in which I shall 
proceed to investigate this part of the subject 

Let Af By fig. 1, Plate Y., be two fixed props at the same horizontal 
level| upon which an elastic bar, A B, rests. This bar is of equal section 
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tbronghoat, and its weight is supposed to be so small that it may he 
neglected. If a wei:;;ht, W^ be suspended to any given point, P, of the 
bar, it will depress it, and cause the bar to assume the form of a certain 
curve, A P DEB, of which the equation is known. ^ The principal pro- 
perties of this curve with which we are at present concerned are as 
follows : — 

1. It is convex downwards throughout. 

2. The greatest curvature is at the point of suspension of the weight, P ; 
and this is the point at which the bar would break if the weight were 
increased sufficiently to produce rupture. 

3. If the weight be suspended from the centre, Q, its point of suspension 
will coincide with the point of the greatest de6ection of the bar, and the 
curve will be symmetrical But if the point of suspension be out of the 
centre, as at P in the figure, then it will no longer be the point of 
the greatest deflection. This greatest deflection, or maximum ordinate of the 
curve, will be found at 3f, between the point of suspension, P, and the 
centre of the curve, D, but much nearer to the latter. In fact, it cau be 
shown that whatever be the horizontal distance of the point of suspension 
from the centre of the bar, the distance of the point M from the centre 
can never be greater than 0*154 of the half length of the bar. 

* The equation to this cnrre is giyen by Navier, '* Application de la Mdcaniqne i 
rRtablissement des Constmctions et des Machines," Paris, 1833, torn. L p. 231, in the 
following form (with a slight modification of the notation) : 



o^p 

M N the two props, M A B N the bar loaded with a weight, 2 P, which is suspended 
to a point By not in the centre. 

Let M N = 2 a, C the centre of the bar, CD = z, Bp — Xj mp — y, B D (the deflec- 
tion of the point of suspension below the horizontal line) = /, the angle which the 
tangent to the curve of the bar makes at B with the horizon = ir, the deflection which 
the weight 2 P would produce in the bar if suspended from the centre = S. Then it can 
be shown that for the part of the curve B N we have 

y = ^ S . —^ {la — z.zx + i. a^T. a;- — J . a:^} ; 

the equation to the other part of the ^urve, B My will be found by writing z negative. 
We have also 



f - 77 («" — ^-j- . tan. w. = '^ (a- — r") z. 



~: (a- — z-)' . tan. w. = • 

The value of a; which corresponds to the greatest deflection of the curve below the hori- 
zontal line, is given by the equation 

X = a + 2— Va^ + H a z — i £2^ 

in which x is measured backwards from B towards M. If the point of snspension be 
gradually shifttd nearer to iV, this ordinate of greatest deflection will increase it« distance 
from the centre of the curve, which distance will be the greatest when B coincides with 
N, in which case z = a^ and we obtain -154 x o for the distance of the ordinate of 
greatest deflection from the centre of the curve. 
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4. A given weight, W^ suspended to the bar, will produce a greater or 
less amount of deflection in the entire bar, according as its point of suspen* 
sion is nearer to or farther from the centre respectively, and, consequently, 
the greatest deflection of all when suspended from the centre itself. 

6. The deflection of the point of suspension itself can be shown to vary 
directly as the weight, W^ multiplied by the square of the product of the 
segments into which the point of suspension divides the bar (supposing, 
which is always the case in the subject under consideration, that the deflec- 
tion is small compared with the length of the bar). The most convenient 
expression for the deflection of the point of suspension is the following. 
Let F be the point of the bar from which the weight, W^ is suspended, and 
ANzzXy JVP = y, be its co-ordinates ; let a be half the length of the bar, 
or half the distance between the props ; 8 the deflection which the weight, 
Wf would produce in the centre of the bar, if suspended there : then, 
because the ordinate, y, is the deflection of the suspending point, P, and this 
ordinate divides the line A B into the segments x and 2 a — x, we have, 
from what has been above stated, 



5 : y : : o* : a* (2 a — «)»; /. y = —^ (2 « a? — a*)* 

Having laid down these principles, which are derived from writers on the 
strength of materials, let us suppose the point of suspension of the given 
weight, fF, to be shifted in succession to a series of points along the length 
of the bar, lying pretty dose together. If a board covered with paper be 
fixed behind the bar, so as just to leave space for freedom of motion in the 
latter, and if these successive points of suspension be marked upon the 
paper, we shall obtain a dotted line, A PQEB^ as shown in the figure, 
which is the locus of the points of suspension ; and of course, if the suc- 
cesFive points be taken in sufficient number to lie very close together, we 
obtain a continuous curve for this locus. It is easy to see that the expres- 
sion obtained above for the amount of deflection produced at the suspending 
point by a given weight, namely, 

y = —^ {2ax — a?)\ is, in &ct, the equation to this loctu. 

It is better, perhaps, to conceive the weight to be a small heavy cylin- 
drical 6ody resting on the upper flat surface of the bar, and capable of 
rolling along it, instead of being suspended by a hook, as the former hypo- 
thesis approaches nearer to the actual problem which we have to solve, 
namely, the travelling of a carriage along a bridge. It will thus be 
X>erceived that the dotted curve is the path, or trajectory^ which the centre 
of this body describes in space during a very slow and gradual passage along 
the bar, or, rather, a shifting motion from one end to the other, point by 
point. This form of the trajectory only corresponds to the very slowest 
continued motion of the body along the bar. Always supposing the body 
to travel with a uniform motion from one end to the other, the slightest 
increase of its velocity produces a change in the form of the trajectory, 
which change is greater as greater velocities are taken. The exact nature 
and amonnt of this change under diflerent circumstances will be shown 
below, as well as the methods by which it wa^ determined, bat the general 
efiect is, that the curve is no longer symmetrical to the centre ; the greatest 
depression of this curve being thrown into the second half of it, while the 
first half is less depressed than with the slow motion. The dotted oucve^ 
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A PQ RB, above described, is the form of the trajectory, which is the limit 
to all these forms, and corresponds to the very slowest motion, or, rather, 
to the shifting motion of the weight, in which the system is in statical 
eqoilibriam at each snccessiye position of the load. On the other hand, the 
dotted curve, A OHKL, is one of the forms which the trajectory assumes 
when velocity is imparted to the body. To distinguish the first form of the 
tngectory from the others, I shall term it the equilibrium trajectory. The 
object of the investigation which follows is to examine the form and propor- 
tion of these trajectories in general, under difierent relations between the 
elasticity, dimensions, and weight of the bar, and the magnitude and velo- 
city of the load ; first describing the experimental inquiry, and next pro- 
ceeding to the theoretical principles by which the laws of the phenomena 
and the modus operandi of the forces which are called into action may be 
developed. 

It must be carefully observed that the equilibrium trajectory is a totally 
different curve from the curve into which the bar is bent at every different 
position of the weight. In fact, the two curves only coincide at two points, 
namely, that at which the weight is suspended, aud a point at the opposite 
end. These two points of intersection merge into one, and become a point 
of contingence at the instant the body passes the centre.* Thus the poiut 
at which the equilibrium trajectoiy touches the cur?e of the bar corresponds 
to the greatest deflection of the bar. 

When we know the form of the trajectory under any of its phases, 
whether as the equilibrium curve or as the curve corresponding to any 
given velocity, we can also find the form of the bar at any moment ; for 
the bars are so stiff and the deflections are so small, that we may assume 
the bar at every iustaut of the passage of the load to be bent into the same 
curve which it would assume if the poiut of application of the load were 
pressed down statically to the same position, f 

Thus, in fig. 2, Plate V. , let A E he the fixed points upon which the bar 
is supported, and let the dotted curve Ab-^c^d^fg be the trajectory which 
the body describes in its passage along the bar with considerable velocity. 
Draw through the points Ab^JE the curve A b^ Cj d^ E, into which the bar 
would be bent, if a sufficient weight were suspended at 6^, to depress tbe 
bar to that point. This curve may be supposed to be the form into which 
the bar is actually thrown at the instant of the body's passage over the 



* It may be useful to mention that from the equation of the equilibrium curve (z), it 

o 

can be shown easily that its radius of curvature at each extremity A^ B — — -- (measured 

n 

(lownwards). Its central radius of curvature (measured upwards) is --— or twice 

the former. The latter, supposing the deflection small, is half the radius of a circle drawn 
through the extremities of the bar and its central depressed point. The two values of x, 

which cori-espond to the two points of contrary flexure, are, a + , and the corre- 

"" V3 
spending value of the ordinates is J 5. 

+ This would not be the case if the bar were exceedingly slender, and may perhaps 
not be strictly true even in some of the experiments given above. 1 have shown below 
how this point may be examined, but I do not believe that any sensible error has been 
introduced into the result by the above assumption. 
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point &2 o^ ^o trajectory.* Similarly, when the body passefl over the 
central line at c,, the momentary form of the bar will be obtained by 
drawing through the points Ac^E the proper curve Ah^c^diE\ and when 
the body has arrived at d^^ the form of the bar will be ^ 64 c^ d^ E, This 
diagram may serve to illustrate the general nature of the action that takes 
place in all the experiments in question, and to show how completely 
di£ferent the curve of the trajectory is from the corves into which the bar is 
bent. 

In the equilibrium curve the greatest deflection corresponds to the 
greatest deflection of the bar, and happens at the centre of the bar, where 
the two curves have a common tangent. But the above figure shows that 
this is not the case in the other phases of the trajectory. The point of 
greatest deflection of the trajectory lies a little beyond d^. The point 
where the body produces the greatest central deflection of the bar will be 
found beyond d^, by drawing through AE 9, curve of the bar that will 
touch the trajectory. The entire bar will thus be evidently a little more 
depressed than the lowest curve shown in the figure. 

The operation of the registering apparatus (see p. 330) will now be more 
clearly understood. Five pencils were in reality attached to the bar, but, 
for simplicity sake, we will suppose only three to have been employed, and 
fixed to the bar at equal distances, from the ends and from each other 
respectively, at the points B (7 D, fig. 2. If these pencils were to trace 
their lines upon a fixed board, we should merely obtain for each a line that 
would give the greatest deflection that each point of the bar had attained, 
but no information with respect to the position of the body at which this 
greatest deflection was given, or with respect to the trajectory of the body. 

In fig. 3, Plate Y., the curves of the tngectory and bar are drawn in 
exact correspondence with fig. 2. The board, placed behind the bar, is 
supposed to receive a small constant horizontal motion, such that during 
the passage of the body from Aio E the board shall travel through a space 
equfd to the distance from 1 to 5 in the groups of parallel lines shown in 
the figure opposite to each of the points ^, ^, (7, D, and E, 

Thus, at the beginning of the motion, the point Ai was opposite that end 
of the bar, and the points Bi C^ Dj were similarly opposite to the respective 
pencils with which the bar is furnished. When the body reaches B, the 
motion of the board brings all the points marked 2 opposite their respective 
pencils, and when it has reached (7, all the points marked 3 will be opposite 
their respective pencils, and so on. The lines at E similarly show the 
points of the drawing board that are brought opposite to that extremity of 
the bar by the motion. The vertical lines B 6, &s ^4> Cc^c^ c^, D d^ d^ d^, 
shown in fig. 2, are thus, by the motion of the board, opened out into the 
curves designated in fig. 3 by the same letters respectively ; and these 
curves furnish as many points through which to draw, not only the trajec- 
tory, but the curves of the bar. 

When the body had arrived at A^ the bar was horizontal, and its figure, 
therefore, passes through the points Ai B^ Ci A Ei, When the body comes 
to jB, every line headed 2 has come opposite to the respective points of the 

* The cnrre of the bar may be drawn by points from its equation, but more simply by 
means of a slender straight steel rod resting on two pins driven into the drawing-board at 
the ends of the curve of the tngectory, and depressed by hand to any desired point of the 
latter. 
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bar, and the intersections of the pencil carves with these lines taken in 
order, namely, the points b^ c^ d^, are points through which the bar must at 
that instant pass. Similarly, the points Aib^c^d^Et serve to draw the 
form of the bar when the body passes the centre, and J4 64 c^ d^ B^ is the 
curve of the bar when the body passes beneath the point D, 

Points in the trajectory, on the other hand, are obtained by taking lines 
from the groups, each headed with a successive number ; tiiua the lines 
Ax Bi Ci D4 Ei will, by their intersections with the pencil curves, give the 
points required. For when the body was Ki A^ A was opposite to that 
point of the bar, and is, therefore, a point in the trajectory. When the 
body reached By the line 2 on the board was broui^ht opposite to it, and 
thus &2 is the next point in the trajectory, and so on.* 

To insure the proper working of this contrivance it is necessary that it 
should be made with great delicacy and care. A perfectly equable travelling 
motion ought to be given to the drawing-board by clockwork, or rather the 
pencils should be so arranged as to trace their curves upon the surface of a 
cylinder, which is perfectly practicable, although I have preferred deiK^ribing 
the mechanism as applied to a travelling-board, on account of its greater 
simplicity. The board is objectionable, becaase its length, necessarily 
limited, compels it to be set in motion as soon as possible before the car is 
started, else it may arrive at the end of its course before the car has com* 
pleted its journey over the bar. This increases the difficulty of giving it an 
equable velocity. A cylinder, on the other hand, may continue revolving 
as long as may be necessiiry.f 

It will easily be seen that, however irregular the motion of the board 
may be, a true form of the bar will be always obtained from the group of 
pencil curves, by taking a series of points at the same respective distances 
from each other as the pencils. By means of these curves, therefore, we 
may, without reference to the velocity of the board, determine from each 
experiment not only the maximum deflection that has been given to every 



• It will, of cotirsp, be seen that the length of the trajectory thus obtained is greater 
than the length of the bar, by a quantity equal to the space 1-5, described upon the 
board. But tliis elonjxation is of no consequence, because it does not destroy the propor- 
tion between the abscissae and ordinates of the curve, the velocity of the board being 
constant. The curves of the bar obtained in this manner are its real curves, and may 
serve to try whether the form of the bar is really sensibly different from its statical 
curv-iture. But the apparatus in question should only be employed when the experi- 
ments are conducted on a tolerably large scale with great loads, because the friction and 
inertia of its parts may seriously interfere with the motion of bar and load when the 
latter is small. Hence I have not introduced it into my smaller apparatus. 

f The paper cylinder should be fixed below the liar with its axis parallel to it. Kach 
pencil to be att^iched to the vertical arm of a ri-ht-an^jled bt.»ll-crank lever also mounts 
below the bar upon a horizontal axis at right angles to the direction of the bar, the hori- 
zontal arm of the same lever to be connected with the bar above by means of a link rod 
jointed to the arm at its lower extremity and to the bar at its upper extremity. Its 
connection with the bar to he made by forming the link into a branch embi-acing the 
bar, each arm of which has a pointed centre screw, which enters a small hole punched in 
the side of the bar (see fig. 8, Plate VI.). Thus, when the bar descends, a horizontal 
motion will be givfn to the pencil ; and as the bar, the pencils, arms, and links, and the 
axis of the cylinder, lie in one vertical plane, the same revolving cylinder will receive all 
the curves. But the apparatus must be carefully constructed, so as to be as light and as 
free from friction as possible. The pencils should be fixed in small swing frames, and 
the whole mechanism be protected by a shield between itself and the bar, to avoid injury 
when the bar breaks. 
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one of the five points in suoceraiony but also the contemporaneooB deflection 
of the remaining points. 

Thus in fig. 3 the maximum deflection in the central pencil curve is 
shown to have taken place between the lines 4 and 6, that is, when the 
tra veiling load has reached a point beyond the centre between D and E ; 
and if we take a point upon each curve at the same distance between their 
respective lines 4 and 5, we shall obtain the deflections at each point 
respectively that accompanied the maximum deflection at the centre, or, in 
other words, the form of the bar at that instant. Similarly we might 
obtain the maximum deflection at B^ and the contemporaneous deflections at 
the other points, and so on for alL 

But the form of the trajectory of the body can only be determined from 
such curves when the board moves uniformly, or at least when its motion is 
perfectly known, and the times of the body passing the several points of the 
bar registered upon it. As this was found impracticable with the Ports- 
mouth apparatus, from the roughness of the mechanism, and a better mode 
had presented itself for obtaining the trajectory, {he apparatus in question 
was confined to obtaining the maximum deflection, as above explained. 

After all, however, the method of registering the trajectory by five points 
is evidently insuflicient, and for the perfect knowledge of the efiects I soon 
found it necessary that the entire course of the curve should be recorded. 
This may be efiected by causing a pencil attached to the centre of the car 
to trace a line upon a drawing-boiuxl fixed parallel to its course. But this 
simple expedient can only succeed when the car moves with great steadi- 
ness — a condition which the nature of the Portsmouth apparatus placed 
wholly out of the question. 

The theoretical investigation of the problem is replete with difficulty, and 
its complete solution appears beyond the bounds of analysis. A limited 
solution can only be obtained by reducing the conditions to their simplest 
form, namely, by supposing the weight of the bar to be so small, compared 
with that of the load, that its mass may be wholly neglected ; by con- 
sidering the load as resting on the bar at one point only, and its mass to be 
concentrated in that point ; and lastly, by supposing the deflection to be 
small compared with the length, which latter condition is true in practice. 
With these limitations not only can the form of the trajectory be obtained 
theoretically, but, as we shall see, other laws can be deduced which com- 
pletely enable us to group the experimental phenomena and extend them to 
practical cases. 

But for this purpose an apparatus must be so arranged as to approach, as 
nearly as possible, to the simple conditions upon which the theory is based, 
in order the better to compare their respective results. 

The simplest considerations serve to show that, provided the due propor- 
tions be maintained between the loads, velocities, and stiffness of the bar, 
the curves of the trajectory and bar respectively will be the same, whether 
small weights running on light bars be employed or heavy loads travelling 
upon massive bars. But in the formed case the experiments may be made 
with an apparatus capable of construiition with any required degree of deli- 
cacy and accuracy, with small friolfon, easily manageable and capable of 
being contained in an ordinary labonttoiy ; and in the latter cafte the great 
loads and heavy ban are necessarily accompanied with unsteadiness of 
motion and great friction, and a geberal magnitude and roughnoss, which 
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makes it necessary to employ several workmen and much time in each 
experiment, and to require the resources and space of a CrOTemment 
dockyard. 

The radical defect of the Portsmouth apparatus, for the purpose we are 
now seeking, proved to be the employment of a car resting with four 
wheels upon two trial bars at once. In the first place the load presses with 
two wheels upon each bar, the bar being 9 feet long and the wheels (or 
rather axles) 2 feet 10 inches apart ; it therefore results that when the oar 
first enters upon the bar, the pressure of the fore wheel only acts upon the 
latter. When the car has advanced through a space equal to the distance 
between the axles, the pressure of the hind wheel also begins to act, and 
now the bar is subjected to the action of two loads pressing at a constant 
distance from each other, and this coutinues until the fore wheel reaches 
the end of the bar, which is then subjected to the pressure of the hind 
wheel alone. Thus a complex form of trajectory is obtained which cannot 
be compared with the theoretical results, and which, after all, is not much 
nearer to the practical elfect of a four-wheel carriage upon a bridge than a 
load pressing on a single point would be, because the distance between the 
wheels is so much greater in proportion to the length of the bridge than in 
the real case. Again, great difficulties are introduced by the simultaneous 
employment of two bars. Whatever care may be taken in selecting bars, 
it is next to impossible to find a pair of exactly equal strength, or, if found, 
to arrange the load on the carriage so that it shall press equally upon both 
bars and upon both hind and fore wheels. Hence an inevitable inequality 
in the simultaneous deflections of the bars, which, as the centre of gravity 
of the load is high, throws greater weight upon one side than on the other 
during the passage of the car. This, besides disturbing the results, tends 
to induce lateral osciUations that increase unduly the deflections on either 
side, and produce anomalies in the general effects. It was this lateral shake 
which prevented the trajectory from being traced by the continuous motion 
of a penciL The principal excellence of the Portsmouth experiments consists 
in the determination of the efiect of velocity upon the breaking weights on 
a large scale, for which purpose they will be found to give a most valuable 
and novel collection of facts. 

For the purpose of obtaining the trajectory experimentally, I found it 
necessary to contrive and construct an apparatus in which the required con- 
ditions of simplicity should be complied with. The principles of this appa- 
ratus I had indeed suggested from the begiuning, and was desirous of 
introducing into the larger machine, but it was thought advisable that the 
latter should be made to resemble the case of a car running on a bridge as 
much as possible, in order to insure the confidence of practical engineers in 
the results that might be obtained. 

As the purpose of this small apparatus was to determine the trajectory 
without reference to the fracture of the bars, the material I selected was 
naturally steel, as being the most elastic and free from set. Thus the same 
bar could be used for many experiments, which greatly facilitates their 
comparison. Experiments upon cast iron are always embarrassed by the 
accumulation of set and the occasional fracture of the bars. The machine 
was therefore arranged to operate upon steel bars of 4 feet or less in length, 
and of such a stiflhess as would require a weight not greater than 6 fi)s. to 
produce a sufficient deflection. 
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A siogle trial bar was employed, and the weight pressed upon that bar at 
one point only. The arrangement by which these conditions were carried 
out consists of a carriage, which runs on four wheels, upon a kiud of 
railway. The carriage supports a horizontal swing frame, one end of which 
is hinged to it ; the other end has a roller, which rests on the bar, and is 
also capable of being loaded at pleasure, so as to press more or less upon 
the bar. The trial bar, in fact, forms the oootinuation of an intermediate 
rail which lies between the two rails that support the wheels of the car- 
riage. Thus the only purport of the carriage is to give steadiness to the 
weight, and confine its motion to a vertical plane. The weight presses 
with perfect freedom upon the bar, deflecting it during its passage, while 
the carriage runs steadily along the horizontal rails between which the bar 
is fixed. A pencil, attached to the swing frame, rises and falls propor- 
tionally to the deflection, and traces the curve of the trajectory upon a 
vertical drawing-board, which is fixed parallel to the trial bar, and opposite 
to it. 

This apparatus is figured in Plate VL, and I will now proceed to describe 
its detaila 

Figs. 1 and 2 show the plan and elevation of the railway, and its inclined 
plane. 

Figs. 3 and 4 show, on a larger scale, the central part of the railway at 
the place where the trial bar is fixed, and also the carriage, tracing-point, 
drawing-board, Ac, in detaiL 

Figs. 5 to 8 exhibit lesser details of the mechanism. 

The frame {A A, figs. 3 and 4) of the carriage is a simple rectangle, 
formed of two longitudinal bars, connected by bolts which pass through 
two transverse bars. The four wheels of the carriage are fixed to their 
axles in the manner of railway carriages, but the two axles run between 
pointed steel centre-screws, to reduce the friction to the least possible. 
These screws are seen at D D D D, fig. 3. The wheels have their flanges 
turned outwards, contrary to the usual moda This enables the carriage to 
run upon a single plank of the proper breadth, and having its edges slightly 
rounded. The flanges are also thus kept out of the way of other portions 
of the mechanism in those parts of the fixed frame in which parallel bars 
are substituted for the plank. 

The swing frame is made of thin plate iron, with cross braces, arranged 
so as to give it as much stiffness and lightness as possible. Its axis, B By 
is mounted between centre-screws, E E^ and at the other end it carries a 
roller, 0^ which rests upon the trial bar. Leaden weights, Hy can be fixed 
in any number to this end of the swing frame, by means of a thumb-screw ; 
and a small stage, the end of which is seen in fig. 4, is provided to support 
them. 

In ^g. 4, the trial bar, IKyiA shown, and the carriage is represented in 
the act of passing over it. The wheels of the carriage run upon the side 
rails of the fixed frame, or tramway. The swing frame, however, is sus- 
tained at the front end by the carriage, and at the hinder or heavy end it 
rests upon the trial bar, by means of the roller, and depresses it during its 
passage. 

The weights being fixed between the roller and the axis of the swing 
frame, produce less pressure on the bar than their actual weight. This 
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pressure, however, can be accurately measured by a spring dynamometer, 
applied to the axis of the roller. 

The axis of the swing frame is placed as low as it can be, without 
touching the frame and trial bar in its passage. The centre of the roUer, 
therefore, describes in its short motion an arc of a circle, which differs but 
little from a vertical line with respect to the frame of the carriage ; for the 
radius of the swing frame is 20 inches, and the total yertical motion for the 
roller never greater than 2 inches. 

The general arrangement of the tramway is shown in figs. 1 and 2. A 
plank, P, set at an angle of 45° with the horizon, rests at the upper end, 
O, against the wall of the room, and at the lower end, P, upon a triple 
frame, PQBS, The two outer portions of this frame are exactly similar. 
The upper edge of each, from P to Q, is straight, and inclined in continua- 
tion of the plank ; and from Bio 8 is straight and horizontal The edge 
from Q to 22 is an arc of a circle of 7 feet radius, which touches the inclined 
edge at one extremity and the horizontal edge at the other, so as to connect 
the inclined line with the horizontal 

The frames are set at such a distance from each other as will allow the 
carriage-wheels to run upon their upper edges, like a railway, with as little 
lateral shake as possible ; and the plank is carefully made of the same 
breadth. Thus if the carriage be set upon the plank, and released, it will 
run down it, and be conducted by means of the curved portion upon the 
horizontal rails. 

The roller of the swing frame at first simply rests upon the plank ; but 
when it passes beyond the lower end of the plank, a support for it is 
supplied by the intermediate frame, P J, seen in the plan, fig. 1. This 
frame has a similar straight edge, P Q, and a carve, Q Ry to the outer 
frames between which it is fixed. Bat as the trial bar I K is higher than 
the edges of the tramway, for the convenience of better access to it, the 
curve Q B lA arranged to conduct the incline 1 part to this higher level ; 
and accordingly, in the elevation, fig. 2, the intermediate curve is seen 
rising above the lateral curves, and thus ending below with a horizontal 
tangent, B I, higher by an iuch and a half than the lateral rails. 

The lateral rails, as already explained, are continued as far as S ; but the 
middle rail is cut ofi* at /, and the brass chair, or contrivance for holding 
the trial bar, is fixed to the end of it. 

The trial bar, I K, thus forms the continuation of the middle rail : and 
the loaded roller of the swing frame thus runs from the middle rail to 
the trial bar. At the far end, K, of the trial bar, a second chair is attached 
to a rail, K N, which receives the roller after it has parsed over the trial 
bar. To adapt the apparatus to receive bars of difierent lengths, this 
latter rail cau be shifted in position. Its extremity, K, terminates in a 
flat square piece, which is rebated beneath, so as to rest upon and lie 
between the upper inner edges of the side rails. A similar piece of wood, 
y, is rebated to slide between the lower inner edges of the side rails ; and 
a bolt and thumb-screw, passing through the whole, serves to fix the end, 
Kf of the shifting rail, at any distance from the other rail, /, that will 
suit the bar in question. The shifting rail is sloped gradually down- 
wards from K to iV, so that the roller of the swing frame gradually sinks 
downwards in its passage until it is caught by a stop in the carriage, after 
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which the middle rail is no longer required to Bustain it. Z is a hook-bolt, 
which serves to fix the middle of the shifting raiL 

When the carriage has passed off the trial bar, it is necessary to check 
its motion and briug it to rest. To effect this, two boards, T F, T K, 
are fixed iu continuation of the tramway. These boards are fixed at a 
greater interval than the tramway, and are also slightly inclined up- 
wards, and divergent. Their interval is adjusted so that the side bars 
of the carriage may rest npon them, as shown by the carriage in the 
figure. 

When the fore wheels of the carriage have nearly reached the point T, 
the lower surfaces of its frame touch the slightly inclined edges of the 
boards T F, between T and jSL Thus the frame is gently lifted, so as to 
raise the wheels from the railway ; and as the carriage proceeds it is 
converted into a sledge, of which the boards T V form the sledgeway. 
But as the friction of the sledge is by no means sufficient to stop the 
carriage, four springs (marked d^ck»prmgs in figs. 4 and 6, and also shown 
in the small figures of the carriage at each end of the figs. 1 and 2) are 
screwed to its sides. These springs stand completely free so loijg as the 
carriage runs on the railway ; but immediately after the carriage has 
become shifted to the sledgeway, the springs begin to press upon the 
sides of the latter, which are, as the plan shows, divergent ; and the 
divergency is greater at the beginning, T, because the boards are planed 
to a thin edge to increase it. Thus the pressure of the springs gradually 
increases as the carriage proceeds along the sledgeway. They are made of 
sufficient strength to stop the carriage before it reaches F, when it is released 
from the top of the inclined plane. 

The whole of the frame above described is fixed together by bolts, which 
pass through the legs, the side frames, and intermediate blocks, so as to 
allow the whole to be readily taken to pieces, or remounted at pleasure. 
At Wy a transverse frame, consisting of a horizontal piece below, with two 
legs, and with a sloping brace rising to the height of the vertical rail, to 
which it is bolted, serves to give lateral support to the whole machine. 

The side rails are divided at the leg near J. This reduces the size of the 
parts of the frame, and also allows longer rails to be substituted from / 
to 5, when longer trial bars are required.* The machine represented in 
the drawings will not receive bars longer than 4 feet. For the purpose 
of conveniently raising the carriage, and releasing it, a puUy, 0, is fixed 
to the upper end of the plank. The cord which passes over this is 
attached to a small sledge, a, figs. 1 and 2, upon which is fixed a latch 
and detent The latoh is adapted to receive a hooked pin (n, figs. 3 and 

* The frame is fiurther aecnred to the floor by a bolt near TT, the ant of which bears 
upon a short transverse piece laid upon the horixontal rails, close to the upright post. 
This is necessary, to enable it to sustain the plank, which plank is also prevented ftom 
sagging by a brace, as shown. Bat nearly the whole of the phenomena of the experi- 
ments may be sufficiently shown by a less velocity than that acquired from the top of the 
plank, namely, 30 feet per second. About 20 feet per second will be found amply suffi- 
cient for repeating these experiments, if desired, and a pUne extending about 4 feet above 
P will therefore be enough. The construction of the Inoiined part of the framework may 
thus be simplified by making the straight portion down to Q of the plank form, and sus- 
taining the whole on its legs, without employing the heavy plank resting against the wall. 
In exhibiting the experiments to an audience, it is convenient to connect the centre of the 
bar with an index, contrived so as to magnify its deflection four or five times ; thus the 
increase of deflection produced by velocity is shown very clearly. 
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4), fixed to the end of the carriage ; and when the detent is in the position 
shown in fig. 1 , the carriage is thos united to the sledge, and can be drawn 
up with it to any desired altitude of the plane by means of the oord, and 
secured there. But the string, 6, fig. 2, passes over the pulley, c, fixed to 
the little sledge, and is tied to the detent. Pulling this string, therefore, 
the detent is shifted, and the latch releases the carriage, which then runs 
down the inclined plane, and passes over the trial bar. 

Fig. 5 represents the mode in which that end of the trial bar which first 
receives the action of the roller is fixed. 

The extremity of the intermediate rail bar of the frame is cat vertically 
from a to c, and has a horizontal step, c d, 

e / is a piece of metal or chair, which is secured against the vertical face, 
6 a c, by means of a screw-bolt, ^, the nut h, of which is inserted into a 
mortise in the rail. The screw passes through a mortise in the metal piece, 
and the latter is kept in a vertical position by a shallow grooved recess, 
sunk in the vertical face, a 6 c, of the rail Thus the chair admits of a 
vertical adjustment of its position. A capstan-headed screw is tapped into 
its lower extnemity, and the head of this screw rests upon the step, d, 
which has been already mentioned. By slightly releasing the screw g, and 
turning the capstan head to right or left, the vertical a4justment is made at 
pleasure. 

The upper end, e, of the metal chair has a square notch cut in it, and a 
steel centre-screw on each side. The points of these screws are received 
into correHponding centre-punch holes at the eud of the trial bar, which is 
thus held in a manner that admits of free vertical deflection of the bar. 

It is essential that the roller, as it first comes upon the bar, should 
meet with no inequality of level that would either jerk it upwards or let it 
drop and rebound from the bar. 

To efiect the smooth eu trance required, the vertical adjustment just 
described is provided, and it will bo seen in the figure that the end of the 
bar also projects into a sunk receBS formed upon the upper face of the 
raiL When the vertical adjustment is properly made, the upper face 
of the rail and the upper surface of the bar are made to coincide in 
level, and as the roller is sufficiently broad to run upon the sides of the 
above-mentioned* recess, it is thus gradually brought upon the bar, the 
extreme end of which is slightly lowered by the file, to facilitate this 
action. 

This chair, being attached by the single bolt, gr, can be readily removed 
from the frame, to substitute others of diflferent forms, if required for 
differently shaped bars. 

The far extremity, K^ of the bar is supported by the contrivance shown 
in fig. 6, which represents the end, K^ of the shifting raiL WTien the 
roller has passed completely over the bar, there is no necessity to pro- 
vide for its level exit, as for its level entrance, for the work has been com- 
pleted at this point. All that is wanted is to support it beneath in 
such a manner as will allow it to slido out a little, because when it is 
bent by the deflection of the weight the end of it is necessarily slightly 
drawn out of its recess in this farthest chair. The first chair grasps its 
end of the bar by centre- points, as we have seen, so as to prevent this 
drawing action at the beginning, where it would be mischievous, and it 
is so small at the other end that it is not worth while to provide a 
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friction-roller or such contriyanoe. The farthest end of the bar is there- 
fore allowed to rest in a grooved pieoe of metal, a a b, the groove of 
which is made rather wider than the widest bar employed, and a pair 
of blunt-ended screws, c c, serve to keep the bar steady laterally, being 
screwed up so as just to touch without pinching it. We shall presently 
see that the action of the weight tends to make the bar fly upwards 
when it reaches the end of its course. To keep it in its groove, there- 
fore, a steel stirrup, d 6, is provided ; this is adjusted so as just not to 
touch the top of the bar, and the bar itself is filed into such a curve on 
its upper side as will enable it to escape contact with this stirrup during its 
deflection. The diagram, ^g, 7, will explain this, in which a & is the 
bottom of the groove, e the section of the stirrup, d h a the end of the bar, 
the upper face of which is filed into a curve, as shown. The dotted line 
shows the position, greatly exaggerated, into which this end is thrown by 
the sliding motion which accompanies its deflection ; and also shows how 
the curve enables it to escape the stirrup. 

In figs. 4 and 5 a wedge-shaped piece Z, is shown attached to the end 
of the shifting raiL This is for the purpose of receiving the roller of 
the swing frame, if the bar should break. In this case the swing frame 
would drop downwards until it rested upon its' stage in the carriage, and 
its roller would meet the wedge, Z^ and be conducted to the upper face 
of the shifting rail, and thus prevented from stopping the carriage suddenly 
or throwing it ofL 

The board which receives the trace of the trajectory is shown at L 3f, 
ia figs. 1, 2, 3, 4. It is sustained upon two iron pillars, screwed below 
to the side rails, and above to the back of the board, lliese pillars are 
curved outwards, so as to escape the heads of the centre-screws of the 
carriage, which would otherwise strike them i^ their passage. The board 
is thinned away at each end, as the plan, fig. 3, shows. Thus the front 
pencil, which is carried by the swing frame, encounters a gently-sloping 
surface at its first contact with the paper, and is also gradually released 
as it quits the paper. To fix the paper, its extremity must be first 
grasped in the wooden clamp at Jlf, then stretched tightly along the sur- 
face of the board, and doubled over the end, L ; a small iron damp may 
then be applied, and will be found sufficient to hold it. It is better to 
apply a third clamp at the middle, to prevent it from sagging. The 
best paper that I have tried is that whidi is prepared by Messrs. Har- 
wood, of Fenchurch-street This will receive the trace of a pointed brass 
wire. It can be had in any length reqaired, and should be mounted 
upon calico. The softness of the calico enables the pencil to act better 
during its rapid motion, and also allows the paper to be stretched tighter 
without fear of tearing. 

The swing frame has a piece, h^ figs. 3 and 4, attached to its side, as 
near to the roller as the wheel will allow. The pencil is clamped in a 
socket at the top of a small triangular swing frame, k k^ which revolves 
upon centre- points, tapped into its lower extremities, and resting in holes 
punched in the sides of the piece, h, as shown. This pieoe, A, is horizontal 
in the part shown in the plan, fig. 3, but is turned vertically upwards to 
receive these centre-screws, as seen in &g, 4. It carries also an upright 
post, i, to which is screwed a wire fork, upon whose branches is strained 
a ring of vulcanized caoutchouc, m m, which is thus stretched into the form 
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of a doable horizontal, elastic strap, against which the pendl firame is pressed. 
A silk string fastened to this frame is wound round a fiddle peg, turning 
with stiff friction in a hole at the top of the post, i ; by turning this 
peg to the right or left, the string is tightened or relaxed, and the swing 
frame pressed more or less against the elastic strap. Thus the pressure 
upon the pencil can be adjusted at pleasure, its point being, of oouise^ 
set farther outwards in the socket if the frame be drawn more back- 
wards, and vice versd. Also the string limits the outward portion of the 
pencil so as to insure that it shall touch the sloped part of the drawing- 
board exactly at the proper point for the first contact. 

When the paper and pencil are properly adjusted, the first thing to be 
done is to conduct the carriage as slowly as possible from one end of the 
trial bar to the other ; the pencil will then trace the equUibriwn trajectory, 
as shown by the close dotted line in the figure. This tn^eotory serves as a 
curve of comparison for the dynamical trajectory, and a straight line drawn 
through its level extremities enables us to measure the central statical deflec- 
tion. The carriage may now be drawn up the inclined plane and released. 
The pencil will now be found to trace a curve somewhat similar to the 
interrupted dotted line in the figure ; this is the dynamical trajectory. 

With respect to all the trajectories drawn by the apparatus, it must be 
recollected that the pencil-point is considerably above the level of the 
axis of the swing frame, and that its radial distance from that axis is 
less than that of the roller. Both these causes tend to alter the form of 
the trajectory, but may be corrected as follows : — 

The pencil describes a short arc of a circle, which, like that of the roller's 
motion, coincides so nearly with a straight line, that it may be considered as 
one, but as a line inclined to the vertical 13° by the difference of level 
between the pencil-point and the axis. In transferring the curve, therefore, 
a sufficient number of ordinatea must be drawn on the original papers, 
inclined 13^, and their length must be transferred to vertical ordinates on 
another paper to obtain tbo true curve. 

If the form of the curve only be required, the abscisssa of the copy may 
have any convenient proportion to those of the original ; and accordingly, 
to exhibit the forms of the trajectories more strikingly, I have in Plato 
VIII. reduced the abscisssB to about one-fifth of the originals, and transferred 
to them vertically the actual leugths of the original sloped ordinates, as the 
most rapid and convenient mode of at once reducing the four-feet length of 
the original trajectories to a commodious size, and of exliibiting the required 
exaggeration of the form. But if the actual trajectories are required, the 
length of these sloped ordinates must bo increased in the proportion of the 
radial distance of the roller from the axis of the swing frame to that of 
the pencil, namely, in the actual machine, of 20 inches to 17 '5 inches. 

The velocity of the carriage may be nearly estimated by the altitude of 
the point whence its centre of gravity has been liberated on the inclined 
plane above the position of that centre on the horizonal rails ; but as some 
loss of this velocity is occasioned by the friction of the wheels and their 
rotation, <&c., some method of measuring the velocity after it has passed 
over the rail is required. Now, immediately after this passage we have 
seen that the end of the carriage is received on an inclined sledgeway, and 
the fore wheels suddenly lifted off their rails. This happens before the 
check-springs have touched the sides of the sledgeway, and therefore before 
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they have acted to retard its motion. Henoe the fore wheek revolving firee 
of the rails, their cireumferenoes retain a velocity equal to that with which 
the carriage was progressing when the wheels were lifted. By observing, 
therefore, the velocity of rotation of the wheels when the carriage is checked, 
we can estimate the velocity with which it had passed over the trial bar. 
To facilitate this, a worm is formed upon the axis of the fore wheels, and a 
toothed disk, C, hg. 3, loosely geared into it.* An observer, stationed at 
a point where the carriage stops, with a stop watch, can easily measure the 
time occupied by the passage of 10 or 20 teeth, and hence obtain the required 
velocity of rotation. There is, in fact, very little loss of velocity from the 
retarding causes. The weight of the entire carriage and its mechanism, 
when the swing frame is loaded to produce a pressure of 4 fiys., is 28 fi)s. 
I find that when the carriage is released from a height that would generate, 
without retarding causes, a velocity of 10 feet per second on the horisontal 
rails, the actual velocity ascertained by the above method is 7*7 foet. 
Similarly, velocities that should be 15 and 20 feet, are respectively reduced 
to 12 feet and 16*6 feet. 

In fig. 3, two centre-screws, F P, will be observed in the sides of the 
frame, supporting the axis of an arm, which is shown in dotted lines only, 
and terminates in a roller, G\ which rests, like the roller, 0^ of the swing 
frame, upon the trial bar, but at a distance of one foot behind it This 
arm and roller is also dotted into fig. 4. Their purpose was to obtain the 
equilibrium and dynamical trajectories in the case of two dqual pressures 
acting upon the tiial bar, as in the Portsmouth experiments : want of time, 
however, having prevented me from obtaining accurate results with this part 
of the apparatus, I have contented myself with inserting the arm in the 
drawings by way of suggestion to future observers. 

Beneath the bar, in fig. 4, is a contrivance termed the Inertial Balance, 
This will be fully described hereafter. Figure 8 also belongs to this part of 
the machine. 

Trajectories drawn by the apparatus above described are given in Plate 
VIII. ; but the consideration of them is so much involved in the question 
of the inertia of the bar which our theoretical investigations suppose so 
small as to be neglected, that I must postpone their explanation until I 
have given, first, the theory on the above hypothesis, and next, the ex- 
planation of the methods by which the inertia of the bar can be introduced. 



Theoretical IfwtsUgation of the Trajectory, 

To simplify as much as possible the mathematical calculation, the carriage 
must be considered as a heavy particle, and the inertia of the bv neglected. 
Let X y he the co-ordinates of the moving body, x being measured hori- 
zontally from the beginning of the bar and y vertically downwards, M the 
mass of the body, V its velocity on entering the bar, 2 a the length of the 
bar, g the force of gravity, 8 the central statical deflection, that is to say, 
the deflection that is produced in the bar by the body placed at rest upon 
its central point, B the reaction between the body and the bar. The deflec- 
tion is small,t and therefore this reaction may be supposed to act vertically, 

* This ia omitted in tbe section, fig. i, to prereot oonfanoD. 

t Practically, the deflection of a ^rder ia so small compared with the length, that this 
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for it mnBt be recollected that the reaction is perpendicular to the cnnre of 
the bar and not to the trajectory^ and therefore, in the case of laoh small 
deflections as we have to deal with, the horizontal component of the reaction 
will be insignificant. Thus the horizontal velocity V will remain constant 
daring the passage of the body along the bar. Now we have seen (p. 
343) that a given weight TT, suspended to the bar at a distance x £rom 
its extremity, will produce a deflection y=zeW{2aX'- o^\ e being a 
constant depending on the elasticity and transverse section of the bar. But 
as the inertia of the bar is neglected, its elastic reaction upon the trayelling 
weight will be equal to a weight that would, if suspended to the bar at a 
point where the travelling weight touches it, depress that point to the same 

amount below the horizontal line. Therefore, B= W=i — -r -z^r. 

e \A a X — ar)* 

The constant e may be determined by observing that it B ^ Mg and x r: a, 
y becomes iSL Whence, substituting in the above equation, we obtain 

8 



e = 



Mg , a* 

The forces which act on the body are its gravity and the reaction of the 
bar. Whence we obtain the equation of motion. 



which becomes, since V = 



tPy 


= flr — 
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{2 ax — 2^)^ 



from the integration of this equation we should obtain the curve of the 
trajectory. 

Having proceeded thus far, however, I found the discussion of this 
equation involved in so much difficulty, that I was compelled to request 
my friend G. G. Stokes, Esq., Fellow of Pembroke College,* to undertake 
the development of it. His kind and ready compliance with my wishes, 
and his well-known powers of analysis, have produced a most valu- 
able and complete discussion of the equation in question. The mathe^ 
matical methods employed for this purpose are, from their nature, probably 
unintelligible to the majority of practical men, for whom the present essay 
was written ; and it was thought better, therefore, that the discussion 
should be thrown into the form of a paper, and presented to the Cambridge 
Philosophical Society, before which it was read the 21st May, 1849 rt to 

hypothesis may be fairly assnmed. Engineers inform ns that a deflection from ^^ to ^^ 
of the length may be allowed in a girder {vide Report, Analysis of Evidence, art. Defec- 
tion of Girders, d-c. ) ; but the deflections with ordinary loads are not greater than one- 
fourth of these. Thus, in Mr. Hawkshaw's evidence (No. 152), we find a deflection of 
half an inch assigned to a girder-bridge of 89 feet span under the action of a heavy loco- 
motive engine. This is only ^^ of the length ; and in the experiments of the Commis- 
sion at Ewell and Godstone, deflections of jj.Jq and ^^q of the length were obtained from a 
heavy locomotive and tender. In the experiments at Portsmouth, on 9-feet bars, deflec- 
tions of 5 inches, that is, of l^ of the length, were sometimes reached ; bat eren these 
may be called small in the mathematical sense. 

• Now Lucasian Professor in the University of Cambridge. 

t The title of the paper is as follows : ** Discussion of a Differential Equation relating 
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the Tranaaotions of that society I mast beg to refer those of my readers who 
may desire to follow out this most elaborate and able investigation. I shall, 
however, give lus results, extracting from the paper such of his remarks as 
may be necessary to make them intelligible, and shall then proceed to 
compare them with the trajectorial curves of my apparatus and with 
practice. 

It appears that the equation cannot be integrated in finite terms, except 
for an infinite number of particular values of a certain constant involved in 
it ; but Mr. Stokes has investigated rapidly convergent series, whereby 
numerical results may be obtained. By merely altering the scale of the 
abscissa and ordinates, the differential equation is reduced to one con- 
taining a single constant, which he terms /3. This he effects as follows : — 
Put 

and substituting these values in the equation, it becomes 

cPY ^ fiY 



'' It is to be observed that X denotes the ratio of the distance of the 
body from the beginning of the bar to the length of the bar ; Y denotes a 
quantity from which the depth of the body below the horizontal plane in 
which it was at first moving may be obtained by multiplying by 16 iSf ; and 
/3, on the value of which depends the form of the body's path, is a con- 

a 

stant defined by the equation /3 = r-wo- ' ^ small value of /3, therefore, 

corresponds to a high velocity, and a large value to a small velocity. It 
appears, from the solution of the differential equation, that the trajectory 
of the body is unsymmetrical with respect to the centre of the bridge, 
the maximum depression of the body occuring beyond the centre. The 
character of the motion depends materially on the numerical value of /3. 
When /3 is not greater than ^, the tangent to the trajectory becomes more 
and more inclined to the horizontal, beyond the maximum ordinate, till the 
body gets to the second extremity of the bridge, when the tangent becomes 
vertical. At the same time the expressions for the central deflection and 
for the tendency of the bridge to break become infinite. When /3 is greater 
than i, the analytical expression for the ordinate of the body at last becomes 
negative, and afterwards changes an infinite number of times from negative 
to positive, and from positive to negative. The expression for the reaction 
becomes negative at the same time with the ordinate, so that, in fjBUJt, the 
body leaps. The occurrence of these infinite quantities indicates one of 
two things ; either the deflection really becomes very large, after which 
of course we are no longer at liberty to neglect its square, or else the 
effect of the inertia of the bridge is really important. Since the deflection 
does not really become very great, as appears from experiment, we are led 
to conclude that the effect of the inertia is not insignificant ; and, in fSsct, I 
have shown that the value of the expression for the ins viva neglected at 

to the Breaking of Railway Bridges,*' by O. G. Stokei, M.A., Fellow of Pembroke 
College, Cambridge. — TramMtionM of ths Cambridge Philoeophical Socieijf, vol. vilL, 
p. 707. 1849. 



858 APPENDIX C. 

last becomes infinite. Henoe, however light be the bridge, the mode of 
approximation adopted ceases to be legitimate before the body reaches the 
second extremity of the bridge, although it may be sufficiently accurate for 
the greater part of the body's course." 

We shall presently see that in practice /3 is nerer less than if and that 
the above conclusion can be perfectly reconciled with the experimental 
results when the inertia of the bar is taken into account. For the investi- 
gation of the series by which our author was enabled to calculate the 
numerical results, I must refer to his paper, from which I have extracted 
the two following Tables (V. and YI.), which contain a sufficient number 
of ordinates to enable the trajectory to be laid down by points, in the forma 
corresponding to nine values of /3. Those which belong to intemediate values 
of P can be easily interpolated* The curves themselves are carefully laid 
down in Plate YIL, fig. 4. 
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In Table Y. the length of the bar is divided into 50 parts ; bub in Table 
VL 20 divisioDB were thought sufficient. Each Table, however, oonsista of 
three parts. In the first are contained the values of the ordinatea of the 
curve, S being considered as unity.* In the second part of the Table, 
which is headed s, we have the numerical values, which express the ratio of 
the depression of the moving body at any point to its statical depression, 
that is to say, to its place in the equilibrium tng'ectory. In the third part, 
headed T, are the numbers which express the tendency of the bar to break 
at each point, which were thus obtained. 

K a weight, fK, be placed on a point of the bar whose distance from the 
first extremity is x, then, by the known principles of statics, f the strain 
upon this point, or tendency of the bar to break, is measured by W multi- 
plied by the product of the two parts into which the bar is divided by the 
point upon which the weight rests, or by TK X (2 a — ac) ac But, in the 
problem under consideration, the dynamical action of the travelling load, 
oombined with the elastic reaction of the bar, deflects the point of the 



* The eqnilibriam trajectory may be laid down by the help of the subjoined Table. 
The leogth of the bar is divided into 50 parts, and as the cnrre is symmetrical on each 
side of tiie centre, it is only necessary to give the ordinates for the first half : the central 
ordinate may be aaenmed of any convenient magnitade, and divided into 1000 parts. 

TABLE VII.— Equilibrium Thajectory. 



z 


y 


X 


y 


X 


y 


1 


5 


10 


410 


19 


909 


2 


24 


11 


476 


20 


920 


3 


51 


12 


532 


21 


941 • 


4 


80 


13 


589 


22 


970 ; 


5 


129 


14 


(355 1 


' 23 


986 . 





178 


15 




; 24 


995 


7 


231 ! 


U 


753 


1 25 


1000 


8 


285 i 


17 


808 ' 


' — 




y 


344 : 


18 


851 


. 


' 



Table VI. contains the resultfl for five values of $, namely, 3, 5, 8, 12, and 20, uiK)a 
which Mr. Stokes makes the following remarks : — 

*' The form of theso trajectories is shown in fig. 4, Plato VII. As /3 increases, the 
first point of iutersection of the trajectory with the equilibrium trajectory moves towards 
A . Since z = 1 at this point, wo get from the part of the Table headed z, for the 
abscissa) of the point of intersection (by taking proportional part«) '34, '29, '26, '24, 
and '22, corresponding to the respective values 3, 5, 8, 12, and 20, of /3. Beyond this 
point of iutersection the trajectory pusses below the equilibrium trajectory, and remains 
below it during the greater part of the remaining course. As /3 increases, the trajectory 
becomes more and more nearly symmetrical with respect to C : when /3 = 20 the devia- 
tion from symmetry may be considered insensible, except close to the extremities A B, 
where, however, the depression itself is insensible. The greatest depression of the body, 
OS appears from the column which gives y, takes place a little beyond the centre ; the 
point of greatest depression approaches indefinitely to the centre, as /3 increases. This 
greatest depression of (he body must be carefully distinguished from the greatest depres- 
sion of fAc bi-idgCy which is decidedly larger, and occurs. in a different place, and at a 
different time (see p. 345). The numbers in the columns headed T show that T is a 
maximum fur a value of x, greater than that which renders */ a maximum, as in fact 
immediately follows from a consideration of tho mode in which y is derived from T. 
The first maximum value of T is about 1-59 for /3 = 3, 1-33 for ^ = 5, 1'19 for )3 = 8, 
111 for jB = 12, and 106 for /3 = 20.*'— Com6. Trans., p. 723. 

t Vide Barlow on "The Strength of Materials," or any statical writer on this subject. 



WEIGHTS MOVING OVER ELASTIC BARS. 863 

bar upon wMoh it is momentarily placed to a distanoe^ y, below the 
horizontal line. Since, therefore, the inertia of the bar ib neglected, the 
efifeot to break the bar is the name as if a weight were suspended to this 
point sufficiently great to depress it statically to the same distance, y. 
Such a weight is equal to the reaction of the bar, and is therefore pro- 
portional to -TT — ^ — -T^' Substituting this value of TF in the above 
expression, we obtain the tendency of the bar to break under the action of 
the travelling load proportional to - — ^_ ^ . Call this tendency T, 

and let T be so measured that it may be equal to imity when the moving 
body is placed at rest on the centfe of the bar ; in which case V = ^, and 
95 =5 a. 

«*°«'^ = i = = 131^^1:^ = -I- «"»^= -f -sl^- 

In this manner, the numbers in the third part of the Tables were obtained. 
It must be remembered that, in this part of the investigation, the inertia 
of the bar or bridge is necessarily neglected, and it will be seen below that 
this inertia greatly aflfects some of these results. 

Having now stated the results of Mr. Stokes's discussion of the equation 
to the trajectory, I shall endeavour to apply them to the interpretation of 
the expenments. This diBcussion has shown that the curve of the trajec- 
tory assumes different phases, each of which is characterised by a certain 

value of the constant ^ = "lys a* ^^^u: forms are shown in fig. 4, Plate 

VII. When /3 is large, the curve departs very little from symmetry, or 
from the form of the equilibrium trajectory. But, as fi becomes smaller, 
the first half of the curve rises more and more above the equilibrium curve ; 
the second half sinks, on the contrary, below it at first ; but when the value 
of /3 is less than about ^ , the loop of the tngectory begins to rise again. 
On the other hand, however, as /3 diminishes, this loop, or lowest point of 
the curve, steadily increases its distance from the central position which it 
holds in the equilibrium trajectory. 

Every one of these phases or forms of the curve may have its ordinates 
upon any scale of proportion with respect to the length of the whole. This 
Bciale is governed by the proportion of a to jSL Accordingly, in the drawings 
of the curves, the proportional magnitude of the ordinates is assumed much 
lai^r than in actual practice, or, indeed, than would be consistent with the 
hypothesis that the deflections are small compared with the length of the 
bar.* 

* A numerical example may explain the above remarks. In the expreauon for /3 
^namely /3 «* 24*15 y^h) let ns sabstitnte the valnes given in the two following 

cases. (1.) A bridge 80 feet long, over which a load that would produee a statical deflec- 
tion of *22 inch, is travelling at the rate of 90 feet per second. (2.) A bar 9 feet long, 
on which a load that woUld prodnee a statical deflection, of 2 inches, is travelling at the 
rate of 9 feet per second* We shall obtain the same valne of & for each of these examples, 
namely, 12, very nearly. The trajectory of each of these will be the same, and also the 
same as that given for /3 "^ 12 in Plate YII.; in this respect, that the proportional 
increase of the statical deflection at similar points of the length is the same in all three. 
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But before we can apply these results in illustration of the experiments, 
we must ascertain the numerical values which /3 holda in practical casea. 
In the expressbn for /3, ^=32*2 feet, a is the half-length of the bridge in 
feet, V the horizontal constant velocity of the body in feet per second, and 8 
the central statical deflection, also in feet. 

It will be more convenient if the value of /3 be expressed in terms of the 
length (Q of the bridge, instead of the half-length, and also, if the deflection 
be expressed in inches, the other quantities, { and F, being expressed in 
feet. K we make the necessary substitutions for this purpose in the 



formula, we obtain ^= 24*15 -^-^ 



1956*15 



In the 9-feet bars of the Portsmouth experiments, /3 = — yt s 

It is clear that, as the velocity and statical deflection vary, every experi- 
ment has a different value of /3. But as certain selected values of the 
velocity were employed, we can exhibit corresponding values of /S, as in the 
following Table, in which also a few values of 8 are taken, between which it 
is easy to estimate the value of /3 for any particular case. 



TABLE VIII. 



in inches. 


Velocity in feet 


15 


29 


86 


43 


*3 

•6 

1 

1-5 
2 

3 


29 
14*5 

8-69 
5-79 
4-35 

2-89 


7-74 

8-87 
2-32 
1-55 
1-16 

• • • 


5-02 
2-51 
1-51 
1-00 

• • • 


8-64 
1-77 
1-06 

■ • • 
• ■ • 

... 



The values of S in each column are not extended beyond those which 
were employed iu the actual experiments, as shown by the Tables (pp. 334, 
368), and it thus appears that ^ was never less than unity, or greater than 
30, in the three first series of these experiments. 

To obtain less values of /3, wo must diminish the length of the bar, or 
employ greater velocities and larger statical deflections ; that is to say, 
greater weights. But greater velocities are not to be obtained with the 
inclined plane, which was already carried as liigh as practical limits 
allowed ; and larger proportional deflections would remove the case beyond 
the limit of the theory upon which fi was calculated, and, indeed, beyond 
the limits of the ordinary assumption of small deflections upon which the 
equations are founded in all problems in which elastic curves are concerned ; 
so that the diminution of the length is the only practicable mode of trying 
experiments upon small values of /3. However, the values of jS in actual 
bridges are so much larger than any we have been experimenting upon, 
that they belong for the most part to totally different phases of the 

But the relative scale of the abscissae and ordinates will be different in every one ; for in 
the bridge, the central statical deflection is to the length as 30 feet to *22 inch, that is, as 
1636 to 1 ; in the bar the deflection is to the length as 9 feet to 2 inches, or as 54 to 1 ; 
and in the figures on the Plate as 10 to 1. 



WEIGHTS MOVING OVER ELASTIC BARS. 365 

curve,* and therefore experiments on small values are only required to test 
the theory. 

Thus, in Godstone Bridge, the length was 30 feet 5z= 0*19 inch.; 

/3 = ^ ; whence for TelodtieB of 22 feet, 40 feet, 73 feet, 90 feet, we 

obtain /3rs236, 71*5, 21*4, 14* respectively ; of which the last belongs to a 
velocity, practicable indeed, but the effects of which we were not able to 
test. 

In the Dee Bridge, 2 = 98. 8 varies from i in. to ly^ in. ;t if we assume 

it equal to 1 inch, we obtain /3= — fTr~, ^ ^^ ^'^'"^ velocities of 20 feet« 

40 feet, 70 feet, 90 feet, give values of /3=580, 145, 47, and 28 respec- 
tively. 

In a bridge of 89 feot length, on the Goole line, the deflection was half an 
inch (vide Mr. Hawkshaw's evidence, Report, No. 152, <bc.) ; this, with 
velocities of 25 and 90 feet, will give /3=612 and 47 respectively. 

In the Swell Bridge, I = 48 feet, 8= 0'215 in., ^ = ^^^, whence 

velocities of 25 feet and 90 feet give /3 = 414 and 32 respectively. 

In the case of real bridges, it thus appears that /3 is rarely so small as 14, 
and may reach 600, or higher numbers, whereas, in the Portsmouth experi- 
ments, the values of /3 ranged between 30 and 1. In the experiments on 
shorter bars at Portsmouth, and in my experiments at Cambridge, still 
lower values of /3 were employed, as will presently appear. In fact, our 
principal experiments belong to a series of values of /3 that begin where those 
that appertain to real bridges end.^ 

But the better to compare the experimental results with practical 
cases, it will in the next place be convenient to consider the proportional 
increase of the central deflection of the bar that belongs to each value of /3. 

It has been shown in the Plate that the maximum central deflection 
happens when the body has reached that point of its trajectory at which 
the curve of the tngectory touches the corresponding curve of the bar. 
Every given phase of the trajectory, and therefore its appropriate value 
of /3, has also a certain maximum central deflection in the bar, the ratio 
of which to the statical deflection (ssS) can be calculated or otherwise 

* The principal reason of the totally different range of the valnes of fi in the experi- 
ments, and in real bridges, respectiTely, is to be found in the great difference between 
their lengths, for as $ varies (ecetmt paribw) directi j as the sqnare of the length, and 
inrerselj as the statical deflection, it is clear that a 9«feet bar and a 80-feet bridge wiU at 
once produce a totally different set of values of 0. Added to which, it is found convenient 
to employ a statical deflection of 1 inch or more for the sake of sufficiently developing the 
effects, while in real bridges the statical deflection is not greater than a quarter of an 
inch. 

t These values of ^ are taken from the Report to the Commissioners of Railways, IStli 
June, 1847, p. 7, and consequently belong to its construction before it was strengthened. 

X In weak bridges still smaller valaes of /3 may be reached with high velocities. We 
may take, for example, the girders of the Canal Bridge near Long Eaton, which Mr. W. 
H. Barlow has described as exemplifying a case in which the dimensions were insufficient, 
and the girders removed accordingly. (Report, Minutes of Bridenoe, 738, and App. 
No. 5.) The span of the girders was 26 feet, and the statical deflection 0*3 in. This, 
with velocities of 70 and 90 feet, would give ^ « 11 and 7 respectively, and oonseqaently 
increments of the statical deflection = *12 and *2, neglecting the inertia of the bridge, 
which would more than double these increments. 
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obtained. It is not very easy to calculate it, and its vlane may be 
obtained, with sufficient accuracy for our purpose, by the drawing-board, 
from the curves which have been laid down from the preceding Tables, 
and note at foot of page 345. 

However, Mr. Stokes has shown that, when p is greater than about 8, 
the motion of the body becomes sensibly symmetrical with respect to the 
centre of the bridge ;* and, in fact, the projections of his curves in Plate 
YII. show that the trajectory becomiDg thus nearly symmetrical, the 
maximum central deflection of the bar is so nearly the same as the central 
ordinate of the trajectory that one may be taken for the other in all 
cases where /3 is greater than 8 ; and of course, therefore, in real bridges, 
where, as we have seen, /3 is rarely below 14. 

I^ow, when /3 is large, Mr. Stokes has given the following series, t to 
calculate the value of the ratio of the central deflection of the bar to S, 
namely (if i)= central deflection of the bar) : 



J) 



+ IT 



2/3' 



13 

^8 



+ , &C 



When p is equal to, or greater than 100, the first two terms of the 
series will be found true to the third place of decimals ; therefore, sub- 

stituting the value of /3, we obtain D = 5 -f 5—. Hence, for a given 

load, the increment of the deflection due to velocity varies nearly as the 
square of the velocity directly, and the square of the length of the bridge 
inversely. 



TARLE IX.- 


— COIIRESPONDIXG VALUES OF /S AND - 


• 

S 


/3 


J} 

s 


/3 

1 


s 


/9 


7) 


0-3 


7-0 


3-5 


1 -43 


/)0 


1 1-020 1 


0-4 


rrc> 


4-0 


1-38 


00 


, 1-017 


(1-5 


4-0 


4T, 


1-34 


70 


1-015 


0-() 


3-0 


5 


1-30 


80 


1-013 


0-7 


3-4 


6 


1-23 


90 


1-011 


0-8 


3-0 


7 


1-20 


100 


1-010 


0-9 


2-7 


8 


1-18 


200 


1-005 


1-0 


! 2-40 


, 9 


1-lG 


300 


1-003 


1-2 


2-13 


' 10 


1-14 


' 400 


1 -0025 


1-4 


1-92 


' 12 


1-12 


: 500 


1 -0020 


1-0 


1-79 


14 


1-10 , 


600 


1-0017 


1-8 


1-72 


10 


1-09 


700 


1-0014 , 


2-0 


1 '05 


' 18 


1-07 ' 


800 


1-0012 , 


2-3 


1-59 


20 


1-06 


900 


1-0011 


2-5 


' 1-55 


1 30 


1-04 


1000 


1-0010 


30 


1-49 


1 40 

1 1 


1-03 1 


1 


■ • t 



Camb. Phil. Trnns. p. 720. 



1 



t ** In practical caRCS this series may be reduced to 1 + - . The latter term is the 

same as would be got by taking into account the centrifugal force, and substituting in the 
small term involving that force the radius of curvature of the equilibrium trajectory for 
the radius of curvature of the actual trajectory. The problem has been already con- 
sidered in this manner by others by whom it has been attacked.'* — Camb. Trans, p. 724. 
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In Table IX. I have given, with sufficient accuracy for oar purpose, 
the nnmerical values of the ratio of the dynamical central deflection of 
the bar to the statical deflection, which correspond to different values of 
/3. We see that the statical deflection is tripled when ^= 0*8, and doubled 
when /3= 1 *3. When /3 becomes greater, the increment of the deflection 
diminishes rapidly ; so that, for ^= 14, it is only a tenth of the statical 
value, and one-hundredth when /3=:100. This Table explains the much 
greater development of the central deflection and other phenomena in the 
bulk of the Portsmouth experiments than in actual bridges ; for by com- 
paring Table YIII. with the three Tables relating ta those experiments, at 
pp. 334 to 338, it will be seen that the great and startling increments of the 
deflection produced by the velocity of the load belong to small values of fi 
(which never occur in practice), obtained by high velocities combined with 
the greatest loads. The values of p between 29 and 14, in these experi- 
ments, belong only to a few cases of the 15 feet velocity combined with the 
small deflections due to the least weights employed. And even these latter 
values of p are only reached in real bridges with velocities of 50 and 60 
miles an hour. But the increase of deflection in these cases, as well in the 
Portsmouth experiments as in the above Table IX., is bo small as to be of 
little practical importance. From Table IX., and from the values of /3 
determined in page 365, it would appear that in real bridges, where /3 
ranges from 600 to 14, the dynamical increment of the central statical 
deflection would be from *0017 to *1 only, whereas in the experiments, in 
which p ranges from 30 to 1, the same increment would acquire values from 
*04 to 1'46 of the central statical deflection. It must always be remem- 
bered, however, that in our theory, the inertia of the bar or bridge has been 
supposed so small with respect to that of the load that it may be neglected, 
and consequently, as I will proceed to show, the theory, in this stage, 
although it serves very well to explain the general action of the forces in 
producing the effects in question, fails to account for the whole of the 
results obtained by experiment. 

For the purpose of comparing the above-calculated values of the central 
deflection of the bars with the Portsmouth experiments, I will select 
those experiments in which the actual statical deflections were measured ; 
for, as I have already explained, in the examination of the three first 
series, I was compelled to calculate, upon somewhat uncertain data, the 
statical deflections for the purpose of obtaining the increase due to the 
motion of the load. But in the sixth and seventh series, the load was 
allowed to remain the same in each experiment, and successively increasing 
velocities wore given to it, the statical deflection having been previously 
determined, and thus a cause of possible error was removed. In the 
seventh series, moreover, the load was made to press upon one point only 
of the bar, so as to remove one source of discrepancy between the theory 
and experiment (see page 333). 
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TABLE X.— PORTSICOITTH EXPBRXMKHTS, SlXTff AHD SiVBXTH SbUI 

^rs of Wrougbt Iron 9 fl. long, 1 io. brood, 8 in. deep. 





Velocity 

infeet oer 

Mcond. 


Statical 


PynftmioiO 


Ratio of 






Celmlatwl 


No. of 
experiment 


deflec- 
tion. 


'deflec- 
tion. 


obaenred 
deflectioii. 


Calculated 
ratio. 


fi 


dynamical 
deflactkm. 


Sixth 


15 


•29 


•88 


1-81 


1^06 


27 


•80 


leriei. 


29 


•29 


•50 


1^72 


1^19 


7^24 


•84 




86 

• • • 


•29 
•84 


•62 
•58 


2^14 
1-56 


184 


4-7 


•89 

•45 1 




43 

• • • 


•29 
•84 


•46 
•47 


159 
188 


1^46 8^8 

1 


•42 

•50 




Bars of Cast Iron 4 ft. 6 in. long, 4 in. broad, 075 in. deep. 




Serenth 


15 


•25 


•48 


192 


1-17 


8 7 


•29 


series. 


29 


«• • 


•70 


2-8 


161 


2 8 


•40 


1 


40 


• • • 


•84 


3 86 


218 


1^2 


•68 




Bars of Cast Iron 4 ft. 6 in. long, 4 in. broad, 0*5 in. deep. 


1 


2 


15 


•42 


•60 


1-48 


1-29 


5 2 


•54 




29 


• • • 


1^68 


8 76 


192 


1-4 


•81 


Bars of Wrougbt Iron 4 ft. 6 in. long, 4 in. brosd, 0*5 in. deep. 




8 


15 


•26 


•89 


1-5 


1-17 


8*2 


•80 




29 


• •• 


•52 


2- 


1-61 


2-2 


•42 




40 


• • • 


•61 • 2-35 2 13 


1*2 


•55 1 




15 


•34 


•59 ' 1^72 r23 


6 8 


•42 




29 


• • • 


•82 


2-41 1-75 


1-7 


•59 




40 


• • • 


1^00 2-94 2-70 


•9 


•92 


' 


Bars of Wroi: 


ight Iron 4 


. .. . 
ft. 6 in. long, 4 in. broad, 5 in. deep. 




4 


15 -50 


•74 1-48 1-36 


4-3 


•68 




40 , ... 


1-95 8-9 


3-9 ! -6 


1-90 


Bars of Steel 2 ft. 3 in. long, 2 in. broad, 0-25 in. deep. 


6 


15 


•35 


•60 


1-72 ; 1-85 


1-5 


1 

•65 




29 


■ • ■ 


•88 


2-52 5^0 


•4 


1-96 




44 


• • • 


1-03 


2-94 


•2 






15 


•70 


1-02 


1-46 3^0 


•8 


210 




24 


• * • 


1-32 


1-88 7- 


•3 


4-90 




29 


• • • 


1^46 


2-08 


•2 


1 




84 


• • • 


1-30 


1-85 


• • • 


•1 






44 


• « • 


1-03 


1-47 


1 '1 


• • • 



In Table X., after giving tbe observed statical and dynamical deflec- 
tions, with their respective ratios, I have added three columns, containing 
quantities obtained by calculating in accordance with the above theory the 
value of ^, the ratio of the dynamical to the statical deflection, and lastly 
the dynamical deflection. 
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By comparing the experimental and calculated valaes of the dynamical 
deflection it will be seen that, with the exception of the last set, the calcu- 
lated values are smaller than the real values. 

The excess, from its irregula^ty, is evidently due in part to some sources 
of error inseparable from the nature of the experiments, as, for example, the 
setf which shows itself by the greater difference exhibited in the case of cast 
iron ; for the mean value of the excess in the five experiments on cast-iron 
bars is three-tenths ('32) of the statical deflection, whereas in the fourteen 
cases where wrought iron was employed, the mean value of the excess is one- 
tenth ('12) of the statical deflections. In the experiments on steel bars, on 
the other hand, the calculated deflections are greater than the actual deflec- 
tions. But the values of /3, in the latter case, are smaller than in the 
experiments on wrought and cast iron, being, with one exception, less than 
unity. 

I shall presently show that the inertia of the bar will account for the 
greatest part of the discrepancies above stated between the theoretical and 
experimental deflections, for it will appear that it tends to increase the 
theoretical deflections when /3 is greater than about 2, and to diminish them 
when less. In actual bridges the jolts from the joints of the rails, and the 
imperfect curvature or cambering of the bridge, also tends to disturb and 
augment the effect, and therefore we need not be surprised to find that the 
increase of deflection observed in the experiments of the Commission at 
Ewell and Crodstone Bridges was greater than the theory would have 
assigned, as th«« following Table shows : 





EwKLL Bridge. 




GODeTONE Bridob. 




1 
Volocity 
in fe«t 

second. 


$ 


J) 
S 


Velodty 
in feet 

second. 


fi 




Computed. 


ObBerved. 

1 


Computed. 


Obaenred. 


25 


414 


1 -002 1 


22 


286 


1-004 


1-23 


80 


287 


1-004 


1-07 


40 


72 


1-016 


1-15 


54 


88 


1-01 


114 


73 


22 


106 


1-81 


75 


46 


102 


1-09 


90 


14 


1-10 


•*• 


90 


82 


1-04 


• •• 











In the Ewell Bridge the difference is not more than the omission of the 
inertia of the bridge would account for ; but in the Godstone Bridge the 
excess is much greater than in the Ewell Bridge. The Godstone Bridge was 
the first upon which the experiments in question were tried, and the scaffold 
and registering apparatus was by no means so complete and steady as that 
which was used for the Ewell Bridge (figured in Plate IV.). The actual 
quantity to be measured (about a quarter of an inch) was so small that the 
least unsteadiness in the apparatus would affect its correct registration. This 
cause may possibly account for some part of the difference between the two 
experiments. 

In the next place I shall proceed to show how the effect of the inertia of 
the bridge or bar may be examined. 
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On tJic Effect of the Inertia of the Bridge, 

In the mathematical theory of the previous part it has been aasiimed, 
that the mass of the bridge is so small with respeot to that of the load, that 
its inertia may be wholly neglected. Bat when the trajectories obtained by 
the apparatus just described (figtured in Plate YI.) are compared with those 
derived by theory, under the above hypothesis, considerable differences are 
observed which appear due to the neglect of the inertia of the bar or bridge. 
For example, in Plate YII., fig. 5, I have given a series of trajectories which 
I obtained from my apparatus. 

The bar was of steel 3 feet in length between its bearing points ; its section 
was square and about 0*22 inch in width and depth; its weight waa 8 
ounces avoirdupois, and the pressure on the roller was 5 lbs., which was yeiy 
nearly the actual weight. Hence, the weight of the load was about ten 
times that of the bar ; the central statical deflection (or iS) = 0*764 inch. In 
the figure the proportion of the ordinates to the abscisses is greatly exaggerated 
(vide p. 354). 

Tha values of /3, which belong to the four trajectories in the figure, are 
respectively nearly 5, 2, 1, and *4, as marked. 

It happens that, with the exception of 5, the values of in Mr. Stokes's 
Tables do not exactly coincide with the above, but it is easy to compare 
them with the trajectories in fig. 5, by taking the nearest cases.* Thus the 
curve of which /3 = 1^ will lie between those which belong to 3 and 4 in fig. 4, 
Plate YII. , that for /3 = 1 a little above that which belongs to jS = ^, and that 
for /3= '4 above that which belongs to i3= } or *5. Mr. Stokes also had 
foreseen f that the effect of the inertia of the bar would be to reduce the 
enormous deflections which occur in the second half of those theoretical tra- 
jectories which appertain to the values of fi below unity. This view is fully 
confirmed by the experimental trajectories, of which fig. 5 contains speci- 
mens. But we will proceed to a more especial examination of the effect of 
the inertia of the bar. 

There is a very striking similarity in the general forms of the correspond- 
ing trajectories in these two diagrams. In the curve that belongs to the 
smallest value of /3, namely '4, the front of the experimental curve does not 
terminate so bluntly as in Mr. Stokes's diagram ; and in all the trajectories 
it will be seen that their first intersection with the equilibrium curve takes 
place farther from the origin in the experimental cases than in the theoretical, 
which might be expected from the simplest view of the effect of inertia in 
the bar, which will of course retard the descent of the load at the be- 
ginning of the motion, and consequently tend to throw the first part of the 

* It would have been better to bave arranged tbe apparatus so as to baye traced curves 
exactly corresponding to tbe values of j8 in Air. Stokes's diagram (fig. 4, Plate VII.), as 
the change of form would thus have been more strikingly shown. But with respect to 
this, as well as to other parts of the inve.stigation, I must remark that the necessity for 
presenting the Report of the Commission to Her Majesty before the recess, Hmited the 
time for carrying on this Inquiry, and therefore I liave been compelled to leave many 
parts of it in an incomplete state, in order to hurry on to the conclusion. Experiments of 
the nature of those given above, wliich are intended for the elucidation of the laws of 
certain mechanical iihcnomeua, do not require the minute and delicate accuracy that are 
essential to physical experiments, in which the most precise numerical results are to be 
sought for. 

t Camb. rhil. Trans, p. 708. 
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trajectory higher up, and thus to carry the point of its intersection with the 
equilibrium curre to a greater distance from the origin of the curre. 

It will be useful in this place to examine the relation between the 
weight of tho load and the weight of the bridge in the experiments at 
Portsmouth, and in actual cases, in order to see what proportion the mass 
of the bridge bears to that of the load in reality. In the three first series 
of the Portsmouth experiments the weights of each cast-iron bar, 9 feet in 
length, were 67 fi)s.y 94 fi>6., and 195 lbs. respectively. The loads laid upon 
each bar in the first series varied from 660 lbs. to 922 lbs, ; in the second series 
from 560 lbs. to 1748 lbs.; and in the third series from 560 lbs. to 1648 fts. 
Thus the weight of the load was considerably greater than that of the 
bridge in all these cases. The exact ratios of load to bar in the above limiting 
examples are, respectively, in the first series 8*3 and 13*7; in the second 
series 6*9 and 18*5 ; in the third series 2*9 and 8*4. On the whole the 
weight of the load is from 3 to 14 times that of the bar. In my smaller 
experiments, steel bars weighing from 17 ounces to 8 ounces were employed, 
and loads varying from 5 Tbs. to 3 Sbs.; the weight of the load was therefore 
from 3 to 10 times that of the bar. 

In the Godstone and Ewell Bridges upon which the Commissioners experi- 
mented, the following ratios existed. It must first be observed, that every 
complete railway bridge for a double line consists of two bridges, one to 
carry each line of rails, and that the two, although lying close together, are 
ia reality independent structures, so that the deflection of one under the 
action of a passing train does not affect the other. The total weight of 
half the Ewell Bridge is about 30 tons, and the weight of an engine and 
tender nearly 40 tons, so that the load is here ^ heavier than the bridge. In 
the Godstone Bridge, the weight of an engine and tender was 33 tons, and 
of the half-bridge 25 tons, which gives nearly the same proportion as the 
Ewell Bridge. These may serve as examples of bridges from 50 to 30 feet 
span. In the Dee Bridge, of which the span is 98 feet, the half-bridge is 
said to weigh 90 tons, and the engine and tender 30 tons.* 

The Conway tube has a clear span of 400 feet, and its weight is 1146 
tons. The Britannia tube in its greatest clear span is 460 feet, and the 
weight of the portion that belongs to this span, namely, of 472 feet of tube, 
is 1400 tons.f Taking an engine and train at above 60 tons, the bridge in 
these two cases is more than twenty times heavier than the load. 

In the experimental apparatus the weight of the load was much greater 
with respect to the bars than in actual bridges, partly on account of the 
necessity for employing very flexible bars to render the changes of deflection 
sufficiently apparent, and partly on account of the great difference of length. 
If bars bearing the same ratio of weight to the load as in bridges, were 
tried in the apparatus, the deflections would become so small that they would 
be scarcely appreciable. Hence it appeared impossible to obtain trajec- 
torioa corresponding to different ratios of the masses of the load and bar, 
which were required to teach uathe effect of inertia upon the trajectory ; for 
as it plainly appears from the above data that the mass of the bridge is too 

* Report of the Commissioners of Railways on the Dee Bridge, page 5. At page 8 it 
is stated that two engines and tenders (or 60 tons) wonld be at the same time on one pair 
of girders ; this would, however, be considered as a distributed load. 

t Mmutes of Eridence 1232, page 369, &c. Fairbaim's Account of the Britannia and 
Conway Tnbular Bridges, page 184. 
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oonuderable to be neglected, we have next to inqnire whether the inertia of 
the bridge increases or diminishes the amount of central deflectioii of the 
bridge, which we have calculated on the supposition of the bridge being an 
elastic bar without sensible inertia. 

The method by which I attempted to attain this obejct may be thus ex- 
plained. In page 342 I have stated that if an elastic bar, resting on two 
fixed props, be deflected by a pressure applied at any point not in the centre, 
it will assume the form of a certain curve, in which the greatest deflection 
will not be at the place where the pressure is applied, but much nearer to 
the centre. In fact, as the deflection is small, this curve is so nearly the 
same in form, whether the pressure be applied in the centre or at any other 
point, that we may for our present purpose assume the same equation to 
belong to it in all cases. 

The bar may thus be considered as a system of heavy particles, so con- 
nected that if motion be given to any one of them the whole will move finom 
their initial position, and with velocities respectively proportional to the 
ordinates {y) of the curve which the bar assumes. Substitute for these heavy 
particles a mass collected in the centre of the bar, and therefore moving 
with a velocity proportional to the central ordinate (Y). Then as each 
particle m of the bar will resist the communication of motion with a force 
which is as the particle itself, and the square of its velocity jointly, it can 
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be replaced by a particle at the centre of the bar, which is equal to y^, 

and hence if this central mass be equal to the sum of these, -y^^ the effect 

of its inertia will be the same as that of the whole of the particles of the 
bar. Calculating tliis sum fmm the equation to the curve, we find it to 
represent 0'48G of the mass of the bar, or one-half nearly. It thus appears 
that in considering the effect of the inertia of the bar, we may suppose a 
mass equal to one-half of its weiglit to l>e collocted at the centre. 

In the next place let there be a rod, p q r, below the bar (fig. 4, Plate VL), 
balanced upon knife edges at q, and provided with a sliding weight at each 
end, and suppose these weights and the rod to be adjusted in equilibrium 
about the centre of motion ; let k be the radius of gyration of the system, 
Mlc^ its moment of inertia, and r the radial distance of the point p from 
the centre, then this system will resist the communication of motion to 

the point p, with a force equal to that of a mass — „- collected at that 

point. 

If the point p be connected to the centre o of the trial bar by a light link 
rod, this point will move with the same velocity as the centre of the trial 
bar, whenever motion is communicated to any point of the bar, and conse- 
quently the balance and its weights will revolve about the centre q. The 

effect of tills arrangement, therefore, is the same as if a mass — :r- were 

collected in the centre of the bar. By altering the distance of the weights 
from the centre, always keeping thorn in equilibrium, we can increase or 

diminish the value of - ._.- at pleasure, and as the system is in equilibrium 

wo do not thereby afl'ect the deflections of the bar. Thus we have at our 
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disposal an artificial inertia applicable to the bar, by means of which we can, 
retaining the same bar and the same load, try successive experiments, and 
obtain successive trajectories appertaining to various proportions between the 
inertia of the load and that of the bar. Half the weight of the bar must 

of course be added to the mass — -j- , which represents the inertia added by 

the " Inertial Baknce." * 

The link o p was formed of flat steel, and was connected to the bar by a 
contrivance shown at large in fig. 8. The upper half of the link was divided 
into two branches, and bent into the form shown in the drawing. Each 
branch carried a steel centre-point, and the branches could be set at any 
required distance by the thumb-screw and nut ; their elasticity of course 
pressing them outwards. Two centre punch-holes were made in the sides 
of the bar at its middle point, and the steel points of the branches were 
adjusted so as to allow those points to enter the punched holes, and play 
therein with the least possible shake and friction. The lower end of the 
link is pierced and enters a slit in a small steel arm at p, screwed to the end 
of the lever of the balance. A wire pin passing through the holes drilled in 
the arm and link forms the lower joint ; the lever of the balanoe is a square 
bar of oak, and graduated in ounces avoirdupois, so that the weights set to 
any given number of ounces on the scale, and of course balanoed, shall 
represent the equivalent mass added to the half-weight of the bar ; the 
sliding weights were 3^ 9)s. each. 

From several sets of curves drawn with this apparatus, I have selected the 
three groups in figs. 6, 7, 8, Plate VIII. These trajectories were all ob- 
tained from a steel bar 4 feet long, of a square section 0*23 inch broad on 
each side. Its weight was 11 ounces avoirdupois, and the carriage was 
loaded nvith weights that gave an effective pressure of 3 Tba, All the curves 
in each group were drawn with the same velocity, and consequently have the 
same value of /9. The curves .in fig. 6 were drawn with a velocity of 7*7 
feet per second, and 0= 6. The curves in fig. 7 with a velocity of 11*0 
feet, and /3= 2*4. The curves in fig. 8 with a velocity of 16*6 feet, and 
i3z=l*2. 

The differences between the curves in each group are due to the diffe- 
rent proportions of inertia introduced by the "Inertial Balanoe." To 
distinguish the several curves in each group from each other, different kinds 
of lines are employed. The equilibrium trajectory is necessarily the same in 
all the groups. This is distinguished by a plain thick line, and moreover has 
the name written upon it. The interrupted dots in cloudy masses indicate 
the course of the curve that corresponds to /3 in Mr. Stokes's Tables, and 
therefore to the case in which the inertia of the bar or bridge is so small as 
to be wholly neglected. The plain continuous line marked B, which lies 
close to it in the three groups, is the trajectory obtained from the bar before 
the Inertial Balance was connected to it ; and therefore the ratio of the 
mass of the load to the bar in this case is more than 4 to 1. 

* It may be necesBary to remind my reader that the whole of this inyestigafcion pro- 
ceeds upon the supposition that the deflectioni of the bar commanicated by the traTelling 
load take pkce simiiltaiieoiisly throughout its length, and that consequently the bar at 
every instant of the passage of the load is bent into the same curve which it would assume 
if the point of application of the lood were pressed down statically to the same pontion. 
See p. 384. 
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The next trajectory in order la a dotted lioe, whioh was obtaiaed by 
so adjusting the balance, that its effect should be to make the masses 
of the load and bar equal The next, an interrupted line, similarly belongs 
to the case in which the mass of the bar is double that of tibe load ; 
and the last, an interrupted line with longer strokes, alternating with dots, 
represents the case in which the mass of the bar is triple that of the 
load. Now it will be seen, on examining the three groups in figs. 6, 
7, and 8, that the five curyea do not follow throughout in the same 
order in all of them. 

In the first part of the curves, indeed, as they start from their origin 
at the beginning of the bar, the order in all is the same ; the increase 
of inertia uniformly throws the tn^'eotory higher up, and we always find 
the equilibrium curve the lowest ; the theoretical curve, in which the bar 
has no appreciable inertia, the next above, and the others rising in the order 
of their increased inertia. 

All the dynamical curves intersect the equilibrium trajectory, and they 
all sag below it more or less in the second half. The increasing inertia 
carries the intersection of the curves with the epuilibrium tn^ectory 
farther from the origin in every instance, and all the intersections lie 
farther from the origin in ^g, 7 than in fig. 6, and still farther in fig. 8 ; 
that is to si^, farther in the smaller values of jS than in the larger. 

But the effect upon the amount of the maximum depression of the 
trajectory is different in each of the three values of )3. In fig. 6, the 
increase of inertia causes the successive tngectories to fall lower and 
lower, and thus to occasion a greater central deflection of the bar, as the 
mass of the bar is increased with respect to that of the load. In fig. 8, 
the increase of the inertia, on the contrary, diminishes the maximum de- 
flection of the successive trajectories, and thus occasions a l^^ss central 
deflection of the bar as tho mass of the bar is increased. 

To show this more clearly, I have introduced dotted lines in figs. G and 8, 
marked T . . . . T, B , , . . B, 1 .... 1, 2 .... 2, 3 .... 3, which 
lines will bo observed each to begin from a point on the central ordinate 
of tho curve, and to end in contact with the trajectory in order. "* Each 
dotted line represents tho part of the bar which lies between its centre 
and the trajectory, at tho moment of greatest depression ; and therefore 
shows tho greatest central deflection of tho bar that corresponds to each 
trajectory. It thus appears that in fig. G the increase of inertia in the 
bar carries it lower and lower, and in fig. 8 the reverse happens ; and 
of course for smaller values of (i the latter effect would be more strikingly 
developed ; because, as wo have seen, the central deflection goes on in- 
creasing as i^ diminishes, when tho inertia of the bar is wholly neglected. 

The succession of tho curves shows pretty clearly, however, that if still 
more and more inertia wero given to tho bar in fig. G, the series of 
trajectories would reach a maximum depression and then begin to rise ; 
after which a further increase of inertia would diminish the central de- 
flections, as in the curves of fig. 8. And this effect is shown in fig. 7, 
where the maximum deflection or sag of the trajectory which belongs to the 
bar alone sinks a little below that of tho theoretical trajectory or curve of no 

• In these figures T denotes the theoretical trajectory, B the bar alone, in which the 
ratio of the mass of the bar to that of th^ load is J, and the figures 1, 2, 8, denote 
ratios of their respectiye values. 
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inertia ; and the next cuire, in which the masses of bar and load are 
equal, sinks still a little lower. But the following curves, which belong 
to a double and triple ratio of these masses, rise higher and higher, and 
the central deflections of the bar follow in the same order. 

It would seem from this, that for any given ratio of the masses of the 
bar and load some value of /3 may be found, for which a small variation 
in the ratio would neither increase nor diminish the central deflection of 
the bar ; wMle for smaller values of jS, the increase o( inertia in the bar 
would diminish the central deflection, and for greater values of /3, the 
reverse. It would require a long series of experiments to determine 
these values with accuracy, which the short time assigned for this research 
has made it impossible for me to attempt ; but they may be roughly esti- 
mated as follows : 

In fig. 7, i3 = 2*4, and the tngectory which sinks the lowest in this 
figure is that which corresponds to the ratio of equality between the bar 
and load. It is evident from the manner in which the deflections 
of the bar succeed each other that the greatest deflection for this value 
of p would lie a little below that marked 1 in the figure, and probably 

correspond to about —z- = '7 (where B is the mass of the bar and L of the 

load). Hence, to bring the trajectory for -j- = 1 to its maximum bar- 
deflection, a little larger value of /3 must be taken ; and probably /3 = 3 
will be very nearly the value that corresponds to the exact position of the 
maximum depression belonging to this trajectory. 

In fig. 6, where = 6, the last trajectory that the proportions of my 
apparatus enabled me to obtain belongs to the triple ratio of the masses. 
It seems probable that if two or perhaps three more had been drawn to 
correspond to the succeeding ratios, the maximum deflection would have 
been reached for this value of /3 ; and that therefore the trajectory cor- 
responding to the ratio — =— =: 6 will be very nearly the one sought for. 

Now Mr. Stokes has shown, as we shall see below, that when /3 is 
moderately large, and the above ratio also large, the trajectory remains 

constant if /3 varies as the ratio, that is to say, -,— s c /9, where e is a 

constant. As we have just found a case in which the maximiua deflection is 
given by a trajectory, in which the ratio of the weights of bar to load is nearly 
equcU to /9, and /3 is moderately large, we shall not err much in taking e = 1, 
and therefore in saying that the maximum deflection for any given large value 
of )3 will happen when the mass of the bridge is nearly /3 times that of the 
load.* This is sufficient to show us that in all practical cases the inertia 
of the bridge will increase the deflection which is due to the velocity of 
the load ; for in practice the value of /3 is always much greater than the 
ratio of the weights of the fridge and load. But to return to fig. 8 ; 



i^rid 



in this figure the central d^pction {T) of the bar produced by the theo- 

* Sabeeqaent researches of Mr. Stokes showed that in moderately large values of fi, 

B B 

and largo yalnes of the ratio "T", we have for the Tnaiimnin deflection Y~a ^ '^^^i 

which differs fi^)m unity by *177 only. (See note, p. 379.) 
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reiical trajectory very nearly coincides with (B) that which is due to the 

D 1 

trajectory for the bar alone in which ~r~ == 'T~' more doeelyy in hd, 

than the figure shows, in which the distance between these two cuires 
is slightly exaggerated. In this group, therefore, it happens that we have 
nearly the value of /3, for which the maximum deflection of the bar is 
due to the theoretical curve. This value of /3 is 1*2, or unity, very 
nearly. 

The general results of the experiments with the inertial balance may be 
therefore stated as follows : 

(1.) For all values of p less than about unity, the least sensible inertia 
added to the bar will diminish the central deflection due to the theo- 
retical trajectory, namely, that in which the bar is supposed to have no 
inertia. 

(2.) For all values of jS greater than about unity, inertia gradually 
added to the bar will at first increase the central deflection due to the 
theoretical trajectory, will then bring it to a maximum, and finally will 
diminish it. 

(3.) The. ratio of the masses of the bar to the load that corresponds 
to this maximum cfiect will be very nearly unity for /3 = 3, and for larger 

values of /3 and of -r- will be expressed by the equation B =2 p L (or 

more accurately B = '823 /3 L), 

The differences between the theoretical trajectories of fig. 4, Plate VII., 
and the experimental trajectories of fig. 5, are now explained. When the 
inertia of the bar is neglected, it was shown that for small values of 3, the 
deflections of the bar became excessively great, and that when /3 is less than 
i, the tangent at the end of the trajectory is vertical, and the central deflec- 
tion of the bar and the tendency to break the bridge become inOnite. 
Mr. Stokes had already explained these startling results, by supposing 
that the inertia of the bridge was the cause of the practical modifica- 
tions of these consequences ; but without experiment it was impossible to 
ascertain that the inertia would, in cases where /3 was greater than unity, 
produce the opposite eflect of increasing the deflections, or indeed to 
understand the exact nature of the influence which different propor- 
tions between the inertia of the bar and load would have upon the 
trajectories. 

In the last part it was sliown that in real bridges (i is rarely so 
small as 14, and hence it follows from the experiments of the inertial 
balance that the inertia of a bridge will tend to increase the deflections 
due to the theoretical trajectory of no inertia, which have been exhibited 
in Table IX. (p. 366). And the result is perfectly in conformity with 
the analysis of the sixth and seventh series of the Portsmouth experi- 
ments, given in Table X. (p. 368), in which the deflections for values of 
^ greater than unity were all greater by about one-tenth, more or less, 
than the theoretical deflections. A similar increase was obtained from 
the experiments on the Godstono and Ewell Bridges, which has been now 
shown to be due, in part at least, to the inertia of the bridge. It als^o 
appeared from the same seventh series (Table X.) that when /S was less 
than unity, the experimental deflections of the bar were less than the 
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theoretical defleotions of Table IX. , whicli is also in accordance with the 
results obtained from the inertial balance. 

It becomes therefore a point of great interest to determine the exact 
increment of the deflection of a real bridge that would be due to its inertia. 
My experimentS| besides being limited to values of p considerably below 14^ 
and therefore smaller than those that belong to practice, were, from want of 
time, too few in number and deficient in precision to give accurate numerical 
results, although amply exact enough to show the laws of the phenomena. 
The following values of the deflections in fig. 6 are probably not far from 
the truth, although subsequent and repeated experiments would be required 
to correct them. 

In this figure jS = 6, and the ratios of the dynamical to the statical 

deflection ( J") corresponding to the different ratios of inertia (~T~) *re 
given in the following Table : 
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Thus for this value of /3, the theoretical deflection with no inertia is 
increased by about '07 when the bar has a mass of one-fourth of the load, 
and by *3 when the masses of the two are equaL 

These results have been obtained from experiments made on a small scale ; 
but by setting down the equations that relate to the problem in its general 
form, Mr. Stokes succeeds in showing that if we have two systems in which 
the ratio of X to B is the same, and we conceive the travelling weights to 
move over the two bridges respectively, with velocities ranging from to 
00 , the trajectories described in the one case and the deflections of the 
biidge correspond exactly to the trajectories and deflections in the other 
case ; so that to pass from the one to the other, it will be sufficient to alter 
all horizontal lines on the same scale as the length of the bridge, and all 
vertical lines on the same scale as the central statical deflection. The 
velocity in the one, which corresponds to a given velocity in the other, is 
determined by the value of the constant jS.* We are thus furnished with 
the important result, and if by experiment a certain form of the trajectory 
be obtained, the same form will belong to every case in which the ratio of 
the masses of the bar and load is the same as in the experiment, and also 
the value of )3 the same. 

Thus, by the use of the Inertial Balance, we shall be able to construct 
with facility a dyriamical model of a large system, which we may wish to 
investigate experimentally. To take a numerical example, let tliere be a 
load of 25 tons moving over a girder bridge 40 feet long and weighing 25 
tons, the central statical deflection being |- inch, and the velocity of the 
load 30 miles an hour, or 44 feet per second (this will give s 24). Sup- 
pose the trial bar in the model to be 4 feet long, and the central statical 

* Camh. PbiL Trans, p. 727. 
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deflection dae to the travelling weight to be 1^ inch. We musty in the 
first place, adjust the inertial balance to aa to give to the bar a diatributed 
maaa equal to the mass of the load. We must now give to the oaniage such a 
velocity as shall render /3 the same in the two casea. Since /3 is constant 
when the velocity varies directly as the length of the bridge, and inversely 
as the square root of the central statical deflection, we must alter the 
velocity in the direct ratio of 40 to 4, or 10 to 1| and in the inverse ratio 

of v^J to ^/|^ or 2 to 3. Hence the velocity required in the model is 

44 X V(7 X f> or 2*9 feet per second. 

But to determine experimentally the amounts for high values of 0, an 
apparatus calculated to operate upon longer bars with much leas velocity 
would be necessary ; fortunately, however, it happens that the investiga- 
tions of Mr. Stokes will assist us in obtaining, at least in part, the informa- 
tion we require. 

During the progress of my experiments above related, this gentleman 
had been simultaneously carrying on his theoretical researches with a view 
of determining the efiect of the inertia of the bridge, which in the pre- 
vious investigation had been neglected ; and although he did not suco^ed 
in obtaining the complete solution of this most intricate problem, he 
rendered the greatest service to the question by obtaining an approximate 
solution ; namely, one limited by the following condition, that the value 
of /3 be large or moderately large, and that the mass of the travelling body 
be small compared with the mass of the bridge. 

Small values of /3 never occur with real bridges, and therefore the first 
condition includes all practical cases. Unfortunately the mass of the 
travelling body in practice is very nearly equal to that of the bridge, so 
that the latter condition does not represent the practical cases so well. 
But Mr. Stokes, by giving in the first place a solution of the case in 
which the mass of the bridge is neglected, and in the next place one in 
which the mass of the load is neglected, or its efiect reduced to a 
travelling, pressure, has solved the problem in the two extreme cases 
between which the practical examples lie ; aud has thus enabled us, assisted 
by the experiments, to calculate with sufficient accuracy the amount of 
additional deflection which is due to the velocity of the travelling load. 
I shall proceed, therefore, to explain the results of this most valuable 
addition to Mr. Stokes's former investigation, aa nearly as possible in his 
own words, referring, as before, for the analysis to the original Paper in the 
** Cambridge Philosophical Transactions." 

The general equations (which are given in the original paper) proved 
too complex to be manageable, but by introducing the limiting condi- 
tions above mentioned, namely, that /3 be largo or moderately large, 
and that the mass of the travelling body be small compared with the mass 
of the bridge, Mr. Stokes succeeded in reducing the equations to a form 
which admitted of a complete solution, and hence has calculated the 
ordinates of the trajectories in a sufiicient number of cases ; so as to enable 
us to lay down the curves, and thus to understand the nature of the motion. 

It appears that in these trajectories each phase is characterized by the 
value of a certain constant quantity, q, which occupies in this part of the 
investigation a similar o£Bce to the /3 of the previous pages. 

This (quantity, g, is defined as follows : let 8 bo the central statical 
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deflectioD, M the mass of the travelling hody^ M^ the mass of the bar or 
bridge. Then 

31 i/i r» 5 81 if > ' 

Conceive the travelling mass M removed, and suppose the bar depressed 
through a small space and then left to itself to oscillate. It can be 
shown that if P be the period of motion, or twice the time of oscillation 
from rest to rest, <8f, the central statical deflection produced by a mass equal 
to that of the bridge and expressed in inches, and r the time in secouds 
that the body takes to travel over the bridge, we have 



P = 2ir 



V 



31 5» __ ^ T 
637' 2-2^ ^ .t 



Hence the numbers 1, 2, 3, <bc., written at the head of Tables A and B, 
and against the curves in Plate IX., represent the number of quarter periods 
of oscillation of the bridge which elapse during the passage of the body 
over it. This consideration will materially assist us in understanding the 
nature of the motion. It should be remarked, too, that q is increased by 
diminishing either the velocity of the body or the inertia of the bridge. 

In Table A, the length of the bar is supposed to be divided into 20 equal 

parts for abscissas, and the values of the ordinatea -— corresponding to each 



ifl ■ 

* Prom this expression, it appears that if fi vary directly as -^ the value of ff, and 

therefore the form of the trajectory remains unaltered ; whence^ having obtained from 
my experiments that^ when jS » 6, the tn^ectory which oorresponda to the maximum 

deflection of the bar is very nearly that which belongs to the ratio '\^ «b 6, I inferred 

that we may roughly take -jf « 3 to represent the case of the maximum deflection. 

Probably neither the ratio of the masses nor the value of 3 in this case is large enough 
to Batisfy the conditions, upon which the above expression is founded, with suflident 
accuracy. Upon this, however, Mr. Stokes has kindly furnished me with the following 
note : " In fig. C7, it appears that the maximum curre of deflection lies between 3 and I 

(that is, between those which correspond to — ^ = 3 and i), I have found by interpo- 
lation, *■ 



^-1 

9 


Maximum value of 
D 

8 


3 
4 
5 


1-717 
1-697 
1-580 



D M^ 

And again, by interpolation, the maximum val ue of a =1 '721, in which case "j^T = *S23, 

which differs only by *177 from the result to which you were led by experiment.'* 

t If we suppose r expressed in seconds, and 8^ in inches, we must put g = 32*2 x 12 

28. T 



=386, nearly, and we get j = \^- 
Trant. p. 782. 



(69).-Ca»5. Phil. 
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of tiM 20 ynhtm dts,mn pwm is Iki Uhi» far 11 vAmb of -=^. Ik 



«f 




orttbTilife an Iki tB^wtoMof tlM Moving liiii^j^ ■■iliilj iiili 
oCriitM TIL wid YIIL lb pnv«rt ik coafUn vlU 
if an <Imw tB^adoBMi fesd bMK Ind dsvamcM^ni 
MiBPlBtoVIL^IkBykmbMidifidadiiADtwD^o^BmrUtlX. 11^ 
ff ffnntiini thnrr -riririi i in in rt i i ii tn 1km n ii l w p tii i oJi 1,9; 3^ 4^ 6ii ^ai 
fig. I> <Imw vUdi bdoQg to tiM q[nrlv pnoda 8^ 1€^ ad li; IS b«i« 
oauttad to pnroit eoofbaoii. la a^fc of ttw— ^m— tfc^ ^qgBlhn— tn- 
jaetoijii laid down aa a alaadaid liy wfckii to nrwiMua OaM vilfc «adk 
attar, and witii tiia tnjadocMa altaady gn«B. 

TaUa B^ hovew, to vUdi eornqpaid ir^ C and JT la fUa DL, nfaa 
to a diffemit kind of earf«^ wbiek shj ba tanaad lih» datfaofeiaM aaniL It 



k hoadad " Yaloea of -v," I> boini, m ahaa^f ai^UMd. &• awfaalda- 




3 
fiaetion of Hhm bar, vbich ooRoponda to aaj valaa of y. 

of flia bar (ezpraand in Ha rdaftion to iSf aa ilwaa of tho 

wiian flia moving body baa tnvaHad oiar a 

abaeiMa^ aad banea flia antin anrvo dattaaataa Iha 

oaatn of flia bar, daring tba laiJi^iwikai of tba bodj 

oCbar of tba bar. It 1^ in fiwt^ tba aanra ^ick voold bo 

a paneil fiiml to flio eentn of tba bar(M in tba 

flia finfc part of tbis Ibiay), iiaciDg iti fina vpon a boaid that Invab 

boriumtaUy. If tbis board timvaUad nminrmly at a wto aqiMl to ttit of 

tba body, tbe lengtb of tbis conre would be ezacUy tba aamo as tbat of 

tbe tn^eciory. Tbisy for GonTenieDOd sako, bas been made tbo can witb 

the figures in Plate IX. ; for thus each oi these deflection durea in figiL 

C and E lies immedutely below the trajectory whicb belonga to it ia 

fign B and D respectively ; in such a msnoer tbat when tba body is at 

any given point in one of these trajectories, the magnitnde of tbe oentnd 

deflection of the bar at that instant is to be foond in tba ordinato of tbe 

deflection curve which is vertically beneath it 



WEIGHTS MOVING OVER ELASTIC BARS. 



381 



TA6LB A. 



1 

X 


1 


2 




y 

Values of — ^ 


irhen — is equal to 








3 


4 


5 


6 


8 


10 


12 


16 


00 


•00 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•05 


•001 


•001 


•001 


•001 


•001 


•001 


•002 


•003 


•004 


•006 


•025 


•10 


•003 


•004 


•007 


•008 


•012 


•017 


•025 


•037 


•060 


•076 


•096 


•15 


•008 


•013 


•022 


•034 


•060 


•067 


•108 


•150 


•190 


•244 


•207 


•20 


•015 


•031 


•059 


•095 


•187 


•184 


•279 


•860 


•414 


•420 


•344 


•25 


•029 


•056 


•126 


•203 


•290 


•878 


•582 


•621 


•680 


•604 


•496 


•30 


•045 


•117 


•230 


•866 


•609 


•640 


•814 


•889 


•744 


•660 


•646 


•35 


•063 


•191 


•374 


•681 


•778 


•984 


1^064 


•940 


•765 


•727 


-780 


•40 


•096 


•285 


•560 


•828 


1^062 


1^205 


1-178 


•921 


•769 


•969 


•886 i 


•45 


•133 


•394 


•748 


1'085 


1^316 


1395 


1164 


•849 


•846 


1-084 


-964 1 


•50 


•169 


•516 


•947 


1310 


1^492 


1^460 


1036 


•812 


1-004 


•991 


-977 


•55 


•210 


•632 


1-126 


1473 


1-555 


1-887 


•860 


•850 


1-114 


•862 


-964 


•60 


•244 


•739 


1-258 


1642 


1-487 


1191 


•704 


•928 


1-062 


•830 


•886 : 


•65 


•274 


•816 


1-325 


r502 


1^800 


•917 


•609 


•942 


•848 


•867 


-780 i 


•70 


•292 


•854 


1-808 


1-362 


1-022 


•626 


•665 


•889 


•684 


•762 


•646 ! 


•75 


•298 


•842 


1-205 


1-111 


•705 


•869 


•632 


•619 


•891 


•488 


•496 


•80 


•282 


•770 


1^020 


•814 


•402 


•180 


•462 


•859 


•297 


•280 


•844 


•85 


•245 


•644 


•774 


•609 


•161 


•069 


•887 


•149 


•287 


•178 


•207 


•90 


•184 


•463 


•498 


•244 


•012 


•020 


•182 


•087 


-150 


•121 


•096 


•95 


•103 


•243 


•224 


•064 


-037 


•004 


•061 


•008 


-047 


•044 


-025 


jl-00 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 



TABLE B. 











Values of -.,- 

a 


when — ^ is equal to 


I 

1 


X 


1 


2 


8 


4 


6 


6 


8 


10 
•000 


12 


16 


00 , 


•00 


•000 


•000 


•000 


•000 


'000 


•000 


•000 


•000 


•000 


•000 


•05 


•004 


•004 


•006 


•006 


•007 


•0u8 


•014 


•019 


•025 


•041 


•156 


•10 


•009 


•018 


•022 


•027 


•037 


•053 


•081 


-117 


•158 


•239 


•807 


•15 


•017 


•028 


•048 


•076 


•108 


•146 


•284 


-327 


•412 


•530 


•449 


•20 


•025 


•052 


•099 


•159 


•231 


•809 


•469 


•607 


•696 


•707 


•680 


•25 


•041 


•093 


•177 


•285 


•406 


•531 


•746 


•871 


•884 •707 


•696 


•30 


•056 


•144 


•282 


•451 


•626 


•787 


roo3 


1-031 


•915; ^689 


•794 ' 


•35 


•070 


•214 


•418 


•650 


•871 


1-045 


M80 


1-052 


•845 


•814 


•873 


•40 


•100 


•300 


•678 


•870 


1^115 


1^265 


1^238 


-967 


•796 


1^017 


•930 


•45 


•134 


•399 


•757 


1^097 


1^832 


1412 


1^178 


•859 


•856 


1097 


•905 


•50 


•169 


•516 


•947 


1-810 


1-492 


1-460 


r086 


-812 


1^004 


-991 


•977 , 


•55 


•213 


•640 


M39 


1-491 


1-674 


1-408 


•870 


-860 


1127 


-862 


•965 


•60 


•256 


•776 


1-321 


1-619 


1-662 


1-250 


•739 


•969 


1-116 


•872 


•930 


'65 


•306 


•918 


1-482 


1-681 


1-454 


1-027 


•682 


1-054 


•948 


-969 


•878 


•70 


•359 


1-050 


1^609 


1-663 


1-267 


•769 


•695 


1-031 


•718 


•924 


•794 


•75 


•419 


1-181 


1-691 


1-660 


•990 


•517 


•746 


-869 


•649; -707 


•696 t 


•80 


•475 


1-296 


1-717 


1-371 


•677 


•303 


•777 


-604 


•499 ^472 


•580 ; 


•85 


•533 


1^399 


V6SI 


1106 


•350 


•149 


•733 


•825 


•616 -884 


•449 


•90 


•586 


1-476 


1-588 


•776 


•087 


•064 


-579 


•117 


•477, •886 


•807 


•95 


•646 


1526 


l'iQ2 


•400 


-•234 


•025 


•821 


•021 


•296. ^276 


•156 


100 


•699 


1540 


M58 


•000 


-•446 


•019 


•000 


•001 


-001 


•000 


•000 
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''lu the trajectory 1, fig. B, the ordinates are small because the body 
passed over before there was time to produce much deflection ia the bridge ; 
at least except towards the end of the body's course, where even a large 
deflection of the bridge would produce only a small deflection of the body. 
The corresponding deflection curve (curve 1, fig. C) shows that the bridge 
was depressed, and that its deflection was rapidly increasing when the 
body left it. 

'' When the body is made to move with velocities successively one-half 
and one-third of the former velocity, more time is allowed for deflecting the 
bridge, and the trajectories marked 2, 3, are described, in which the ordi- 
nates are far larger than in that marked 1. The deflections, too, as appears 
from fig. Cf are much larger than before, or at least much larger than any 
deflection which was produced in the first case while the body remained on 
the bridge. It appears from Table K or from fig. (7, that the greatest de- 
flection occurs in the case of the third curve nearly, and that it exceeds the 
central statical deflection by about three-fourths of the whole. 

'' When the velocity is considerably diminished, the bridge has time to 
make several oscillations while the body is going over it These osoillationa 
may be easily observed in figs. C and J^, more especially in the latter ; and 
their eflect on the form of the trajectory, which may indeed be readily un- 
derstood from fig. C, will be seen on referring to figs. B and DJ* , . . .* 

'* When q is large, t as is the case in practice, the following expression 
will give with sufiBcient accuracy the value of the central deflection i>|. 

A 25 . 

'^ So that the central deflection Ls liable to be alternately increased and 

2' 
traction - 

also be shown that 



25 
decreased by the fraction -^— of the central statical deflection. And it can 

0.7 



8 'J - •'W ' 



^" ' = -112 ^. 



8 </ ^ M ^ 

It is to be remembered that, in the latter of these expressions, the units of 
space and time are an inch and a second respectively. Since the diflerence 
between the pressure on the bridge and the weight of the body ia neglected 

* Camb. Phil. Trans, p. 733. 

t Camb. Phil. Trans, p. 732 and 733. **As every thing depends on the Taluc of 7, 
in the approximate investigation in which the inertia of the bridge is taken into account, 
it will be proper to consider farther the meaning of this constant. In the first place it is 

1008 3f/3 . „ 

to be observed that, although 3/ appears in the equation 5- = ~ 'i\~it~* ^ ^ reaiiy 

independent of the mass of the travelling body ; for when M alone varies, i3 varies 
inveiTsely as S^ and S varies directly as M, so that q remains constant. To get rid of the 
apparent dependence of 5 on 3f, let *S^i be the central statical deflection produced by a 
mass equal to that of the bridge, and at the same time restore the general unit of length. 
If X continue to denote the ratio of the abscissa of the body to the length of the bridge, q 
will be numerical, and therefore, to restore the general unit of length, it will be sufficient 

(f a 
to take the general expression for j3, namely, /3 = '. Y2 s' » ^^^ moreover t be the time 



63 g T^ 



the body takes to travel over the bridge, .*. 2 a = Ft, and we get 5^ = "TT^ • "^^i — • 



»» 
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in the investigatioii in which the inertia of the bridge is oonsidered^ it is 
evident that the result will be sensibly the same^ whether the bridge in its 
natural position be straight^ or be idightly raised towards the oentre^ or^ 
as it is teohnioally called, cambered. The increase of deflection in the case 
first investigated would be diminished by a camber. 

" In this Paper the problem has been woilced out, or worked out approxi- 
mately, only in the two extreme cases in which the mass of the travelling 
body is infinitely great and infinitely small respectively, compared with the 
mass of the bridge. The causes of the increase of deflection in these two 
extreme cases are quite distinct In the former case the increase of de- 
flection depends entirely on the difference between the pressure on the 
bridge and the weight of the body, and may be regarded as depending on 
the centrifugal force. In the latter, the effect' depends on the manner in 
which the force, regarded as a function of the time, is applied to the 
bridge. In practical cases, the masses of the body and of the bridge are 
generally comparable with each other, and the two effects are mixed up 
in the actual result Nevertheless, if we find that each effect, taken 
separately, is insensible, or so small as to be of no practical importance, we 
may conclude, without much fear of error, that the actual effect is insigni- 
ficant Now we have seen that if we take only the most important terms, 

the increase of deflection is measured by the fiactions - - (page 366 above) 

25 
and - — of S. It is only when these fractions are both small that we are at 

S , q " 

liberty to neglect all but the most important terms ; but in practical cases 
they are actually small. The magnitude of these fractions will enable us to 
judge of the amount of the actual effect. 

" To take a numerical example, lying within practical limits, let the span 
of a girder bridge be 44 feet, and suppose a weight equal to |. of the weight 
of the bridge to cause a deflection of ^ inch. These are nearly the cir- 
cumstances of the Ewell Bridge, mentioned in the Report of the Com- 
missioners. 

<< In this case 8i = i X '2 = *15 ; and if the velocity be 44 feet in a 
second, or 30 miles an hour, we have r =: 1, and therefore, from the second 
of the formulae just stated, 

-f^ = -0484 q = 72-1 = 46-9 x -7-. 
o . q 4 

'* The travelling load being supposed to produce a deflection of *2 inch, 
we have 

/J = 127 ; .-. y- = -0079. 

Hence in this case the increase of the deflection due to the inertia of the 
bridge is between five and six times as great as that obtained by considering 
the bridge as infinitely light ; but in neither case is the deflection important. 
With a velocity of GO miles an hour, the increase of deflection '0434 S 
would be doubled. 

** In the case of one of the long tubes of the Britannia Bridge, fi must 
be extremely large ; but on account of the enormous mass of the tube, it 
might be feared that the effect of the inertia of the tube itself would be of 
importance. To make a supposition every way disadvantageous, regard iK^ 
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tube as nnoonnected with the rest of the Btrootare, and suppose the weight 

of the whole train collected at one point. The dear span of one of the 

great tubes is 460 feet, and the weight of the tnbe 1400 tons. 

" When the platform on which the tube had been built was lemoved, the 

centre sunk 1 inches, which was very nearly what had been caloolated, so that 

the bottom became very nearly straight, since, in anticipation of the deflection 

which would be produced by the weight of the tube itself, it had been originally 

built curved upwards. Since a uniformly distributed weight prodnoes the 

/» 
same deflection as -- of the same weight placed at the centre, we ha?e in 

o 

Q 

this case 8iz= - X 10 = IG ; and supposing the train to be going at the 

Afifi 

rate of 30 miles an hour, we have r = -77 =10*5, nearly. Hence in this 

25 1 

case - — = '043, or - - , nearly ; so that the increase of deflection due to 

8 . ^ 23 

the inertia of the bridge is unimportant" * 

* In the course of the inyestigations undertaken by Mr. Stokes and myaelf, oar atten- 
tion was directed to an able Paper by Mr. Cox, **0n the Dynamical Deflection and Strain 
of Railway Girders/* which is printed in the Ciyil Engineers* and Architects* Journal fbr 
September, 1848. This Paper is purely theoretical, that is to say, that although the 
results are applied to practical OLses, it is not founded npon experiments ; and conse- 
quently the subject is looked at in a totally different light from that under which we hare 
viewed it. The author has employed methods of approximation which, although they 
have not apparently vitiated his results, as far as real bridges are concerned, would yet 
cause them to fail utterly if applied to the interpretation of experiments, such as those 
contained in the present Essay. This must be carefully borne in mind in considering the 
Paper in question, which will well rejMiy perusal. The reasons for this failure are 
explained in the following extract from Mr. Stokea*s Paper in the Cambridge Philosophical 
Transactions (page 725) : — ** In this article the subject is treated in a very original and 
striking manner. There is, however, one conclusion at which Mr. Cox has arrived, which 
is so directly o})poscd to the conclusions to which I have been led, that I feel compelled to 
notice it. By reasoning founded on the principle of ris tt'ra, Mr. Cox has arrived at the 
result that the moving body cannot in any case juoduce a deflection greater than double 
the central statical deflection, the elasticity of the bridge being supposed perfect. But 
among the sources of labouring fi)rce which can be employed in deflecting the bridge, Mr. 
Cox has omitted to consider the vis rira arising from the horizontal motion of the body. 
It is possible to conceive beforehand that a portion of this r/s viva should be converted 
into labouring force, which is expended in deflecting the bridge ; and this is, in fact, 
precisely what takes place. During the first part of the motion, the horizontal com- 
ponent of the reaction of the bridge against the botly impels the body forwards, and 
therefore increases tlie rU viva due to the horizontal motion ; and the labouring force 
•which produces this increase being derived from the bridge, tbe bridge is less deflected 
than it would have been had tbe horizontal velocity of the body been unchanged. But 
during the latter part of the motion the horizontal component of the reaction acts back- 
wards, and a portion of the vis viva due to the horizontal motion of the body is continually 
converted into lal)Ouring force, which is stored up in the bridge. Now, on account of the 
asymmetry of the motion, the direction of the reaction is more inclined to the vei*tical when 
the body is moving over the second half of the bridge than when it is moving over the 
first half, and moveover the reaction itself is greater, and therefore, on both accounts, 
more vis viva depending upon the horizontiil motion is destroyed in the latter portion of 
the body's course than is generated in the former y)ortion : and, therefore, on the whole, 
the bridge is more deflected than it would have been had the horizontal velocity of the 
body remained unchanged. 

"It is true that the change of horizontal velocity is small; but nevertheless, in 
this mode of treating the subject, it must be tfiken into account ; for, in applying to 
the problem the principle of vis i^tra, we arc concerned with the square of the vertical 
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It appears from the above that the increase of deflection is measured by 

1 25 

the two fractions — and -z — of S respectively in the two extreme oases m 

/J 8.g r ^ 

which the mass of the bridge or the mass of the body is neglected ; and 
that, in practice, where these masses are very nearly equal, their effects are 
mixed up together in a manner that remains to be developed from the theo- 
retical equation. It is extremely desirable, however, that we should in the 
mean time obtain some estimate of the practical effect of the inertia of the 
bridge. This Mr. Stokes suggested to me might be roughly and empirically 
done by supposing the two fractions in question to represent the separate 
effects of the inertia of the bridge and load, and taking their sum to re- 
present the total effect. Upon calculating the increments of the statical 
deflection in this manner, that were obtained experimentally by the inertial 
balance, (and given in the Table in page 877 above,) and comparing the 
results, it appears that the agreement is sufficiently dose, as the following 
Table will show. 





Values of ?. 


i 


1 


2 


*3 


Experimental increments, /3 = 6 


•3 


•62 


•67 


•78 


Calculated increments J 2 Z g 


•42 
•84 


•55 
•45 


•65 
•54 


•72 
•62 



For larger values of /3, in which the increments are smaller, we may sup- 
pose the errors to be less sensible, and therefore I have calculated the 
following Table for several values of 0, and on the supposition that the 

25 -55 



masses of the bridge and load are equal, and therefore, 



8.9 



" :^- ^^«^ 



and imperfect as this must be, it may yet serve until further developments 
of the theory and more perfect experiments, both which are greatly to be 
desired, shall have substituted certain and logical results. 

Telocity, and we must not omit any quantities which are comparable with that square. 
Now the square of the absolute velocity of the body is equal to &e sum of the squares of 
the horizontal and vertical velocities, and the change in the square of the horizontal 
velocity depends upon the product of the horizontal velocity and the change of hori- 
zontal velocity ; but this product is not small in comparison with the square of the 
vertical velocity." 

I have great pleasure in taking this opportunity of expressing my acknowledgments 
to my excellent friend and fellow-labourer, Professor Stokes, for his kind and friendly 
co-operation with me in these investigations. I must also regret thai the abstruse 
nature of his portion of them has prevented me from giving them at length, and thereby 
compelled me to do him great iigustioe by presenting his results only, apart from the 
admirable reasoning, by means of which they were obtained. It may be well to men- 
tion, however, that this course was adopted with his entire concurrence. 
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To applj this Table to Mty given bridge, the Rtatieal deflectioQ doe to the 
greatest load which ib liable to pus over it xavtA be uoertained, and abo 
the greatest probable velodty ; from theoe data, and from the length of tha 
bridge, the vt^ue of ff miut be oalculated. (See page 364.) The increment 
of the statical deflection whioh oorreaponda to this value of ff will be found 
in the lower line of the above Table, 

I will oonolnde with a few remarks upon the pnrpose of the preceding 
pages. The experiments carried out at Portsmouth bf Captain James 
and lieutenant Oalton had given the important and valuable result, that 
velocity imparted to a load increased the deflootions of the bar or bridge 
over which it patised above those whioh it would have produced if set at rest 
upon the same bridge. The amount of this increase waa also of so alarming 
a magnitude, tbat it seemed incredible that it should have escaped obaerva- 
tion in practical caata. Accordingly, when the Commiaaionera visited the 
bridges at Bwell and Godstono, the effects there observed, although of the 
same character, were iiiliiiitcly lesn in amount 

It became, therefore, necessary to invoBtigato the laws of those phenomena ; 
and as analysis, even in the hands of so accomplished a mathematician aa 
Mr. Stokos, failed to give tangible results, except in cases limited by 
bypotlitBes that separated the problem Irom practical conditions, it became 
necessary to carry on also experiments directed to the express object of 
elucidating the theory and tracing its connection with practice. I have 
alrca<ly stated that the time which remained to me for this purpose, as well 
as the limited funds placed in the ImtidB of the Commission, were together 
iusuffloient to admit of either constructing the apparatus, or performing the 
experiments witli the minute and delicate accuracy required for the precise 
numerical results usually sought for in physical investigations. But my 
object wan rather to elucidate general lavs, guided by theory, than to obtain 
independent numerical results, and I trust that this purpose has been suffi- 
ciently answered. 

It has been shown that the phenomena in question exhibit themselves in a 
highly developed state when the apparatus is on a small scale, but that, on 
the contrary, with the large dimensions of real bridges, theii effects are so 
greatly diminished as to be comparatively of httle importance, except in 
the cases of short and weak bridges traversed with excessive velocities. He 
theoretical and experimental iavestigation, which is the subject of the above 
Essay, will, however imperfect, serve to show that such a diminution of effect, 
in passing from the small scale to tbo large, is completely accounted for. 
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PRACTICAL FORMULA FOR CALCULATING 

GIRDERS, ETC. 

SECTION L 

CALCULATIONS FOB THE STRAINS ON THE VABIOUS MWMBRB8 OP THE 

STEUCTUEE. 

The following notations will be observed throughout : — 

I = length of clear spui. 
or = diitanoe of any point from one pier. 
y = distance of any point from centre of span. 
d = depth of girder at x or y, 
W = total concentrated load. 
w = load per lineal nnit. 

8 = direct strain on either flange, or horisontal strain. 
8 H = shearing strain, or yertical strain on the web. 
X = length of any lattice bar. 
2 = direct strain on any lattice bar. 



Note, — (1) I a^d d mast be in the same terms. 

St 8 Hy and 2 will be in the same terms as W and v>, 

straight girders, the strains on the flanges are equal, at the 
same yertical section, but opposite in their nature— thus, 
where the top flange resists a compresaiye strain, the 
bottom flange resists a tensile strain, and vies vertd. 



(2) 5, 
(8) In 



L Btam^ fixed at one tnd ortJ/y^ (Mid loaded with a conceiih'aied load at (he 

wisupporied exWemUy, 





*= !('- 


-X). 


At point of support^ 


5= - . 




For all x>oiut8y 


SII = W. 





d ' 
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II. Beam fixed at one end only, and loaded -w^fomUy Us entire length. 

Sff = v{l - x). 

a = J!^ p - X). 

Note, — ^If the load be on the top of the girder, x, in equation for 2, mut 
terminate at the foot of the bar ; bat if the load oome first upon 
the bottom, x most terminate at the top of the bar. 



At point of Bupporty 



2d 
Sff=wl. 



It may be seen that the maximum strain in the flanges is, in this case, 
only half that of the maTimnm strain in the former case, that is, suppoaing 
W zsi wl, and the other quantities the same in both cases. 



III. Beam fixed at one end only, loaded uniformly its entire length, and also 

with a concentrated weight at its free extremity. 

The strains in this case will simply be the sum of the strains in the two 
former cases. 

Note. —In the foregoing cases, the top member, or flange of the cantilerer, 
resists a strain of tension, and the bottom, one of compression. 



IV. Beam supported freely at both efids, and loaded at the centre, 

Wx 
^- lid' 

X being measured from the nearest pier. 

The maximum strain on the flanges, supposing the depth to be uniform, 
is at the centre, and 

Wl 









4 d' 




For all points, 












SH = 


W 
2 ' 


2 = 


2d 
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y. Beam supported at both ends freely^ a/nd loaded with a concentrated 
weight at any point (as in the case of a roUing load). 

The maximum strain on the flanges will always be at the point of applica- 
tion of the load, and 

_ Wab 

" dl ' 

a, 6, being the segments into which the beam is divided by the weight. 

W 
8 H will increase from -r- at the centre, when the weight is at the 

centre, to 7F at either pier, when the load is at that pier. 



YI. Beam supported freely at both ends, and loaded uniformly over its etUire 

length. 

Note,— The former note^ in IL, applying to x, applies here to y. 

At the centre, 

to P 
S = 



Sd * 

or half that produced by the same load concentrated at the centre, as 
in IV. 

SH and 2 = at centre, and increase regularly to — and -r-^ 

respectively at the ends. 

Note, — In lY., V., VI., the top flange, or member, aaffers a strain of 
compression, and the bottom one of tension. 



YIL Beam of equal and uniform section supported at both ends^ one free and 
the other fixedf a/nd loaded uniformly over its entire length. 

-. W X W I X 

8 = — — (l^ X) — — -^. 
2d ^ ' Sd 

At the pier upon which the girder is fixed, 

^^Td' 

From the pier upon which the beam is fixed, to the point of contrary 
flexure (one-fourth of the entire span), all the strains are as in III., the 
concentrated weight being half the remaining portion of the girder, wiUi its 
load : and from the point of contrary flexure to the unfixed extremity, the 
strains are as in YL 
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Yin. Beam of equal and uniform section fixed ai both endi and loaded 

uniformly, 

to X w P 



2d ^ ' 12 d' 

At the piers, 

wP 

5« 



12 d' 



2 
Points of contrary flexure, -y- of the span firom the centre. 

8 H and S, the same as in YL 

Note. — In all the former cases, lattice bars directed downwards to the point 
of support, are struts ; and all those directed downwards from 
the point of support, are ties. 



IX. Strains on a u/niforwH/\fA^oaded Arch, 

At the crown, the compressive strain on the rib 

wP 



Sd 



{d = yernne). 



At any other point. 



^= V(^yM»#. 



Note. — This formula is accurate only if the curve of the arch he a curve of 
equilibrium for the load, nearly a parabola ; if, however, it be an 
arc of a circle, as it mostly is, the formula errs on the side of safety. 

The spandril simply transmits the vertical pressure from the load to the 
rib ; and the strain on it, per unit of length, 

= w. 



X. Strains 07i a Sus2Knsion CltaiUf uniformly loaded. 

Tensile strain at mid-span, 

w r- 



{d = versine). 



At any other point, 



■'- \/(«0-<-'' 
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SECTION IL 

DISTBIBCnON OP MATBKIAL TO BESIST TBB CALCUUTED STBAINS. 

The EtrainB on the rariona membera of the itntotnre h&vlng baen o&Ica- 
lated for the greatest possible load that will be brought apon it, it has now 
to be determiiiBd what amoont of material must be introduced to resiat 
those strains. Experiment shows the nltimate bieaking weight of the 
material, bat it is a question what proportion the working strain should 
bear to that weight. The following maj, howarer, be taken as reliable and 
safe couBtants. 
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50 lbs, 


180 tba. 





ffole. — TbeiheanDg rererred tointheformalnmiut Dot beoanfaasdsd withtbsihcar- 
ing in the above Table ; for while th« latter implies the sliding off of on* ideal sulkee or 
■ection of the material from another, the form«r "abearing strains" are Tory frequently 
opposed bj the diiect tensile or eompresUTe resistanoe of (he ban formlDg the web. 



N<iit. — It most be bonia ii 



n memben of a iprder decrease 



b their powers of rwistanee as the sqoare of their nnsupported length incrtases ; so that 
all such parts, or memben, if of any gieat length in proportion to their transrerae 
seotion, mnit be bnoed at freqneDt ioterrala to pnrent bnekliog. 
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HUHBER'S BECO&D OF MODEEN ENOINEEBIirO, 1865. 

In imperial 4to. Illustrated by 40 Plates, drawn on a large scale, and Photographic 
Portrait of J. R. M'Clean, President of the Institute of Civil Engineers, price £3 2s. 
half morocco. 

A RECORD OP THE PROGRESS OP MODERN ENGINEERING, 1865, com- 
prising Civil, Mechanical, Marine, Hydraulic, Railway, Bridge, and other 
Engineering Works, with Essays and Reviews. By W. Humbeb, Assoc. Inst. 
CB., and M. Inst. M.K 

The volumes of the Record for the years 1863 and 1864 having attained such 
a complete success, it has been determined to continue the series by publishiug 
this, the third volume ; and the publishers have entire confidence that it is not sur- 
passed in value and in careful elaboration by either of its predecessors. 

LIST OF ILLUSTRATrONS. 



MAIN DRAINAGE, METROPOLIS. 

No. of 
North Side. Plato. 

Hap showioff Interception of Sewers 1 

Hiadle Level Sewer. Sewer under Regent's 

Canal 2 

Middle Levol Sower. Junction with Fleet 

Ditch 3 

Outfall Sewer. Bridge over River Lea. 

Elevation 4 

Outfall Sewer. Bridge over River Lea. 

Details 5 

Outfall Sewer. Bridge over River Leo. 

Details 6 

Outfall Sower. Bridges over Mnrah I^nc, 

North Woolwich Railway, and Bow and 

Barking Railway Junction . . . 7 

Outfall Sewer. Bridge over Bow and Bark- 

inff Railway. Elevation .... 8 
Outfall Sewer. Bridge over Bow and Bivk- 

isg Railway. Details 

Outfall Sewer. Bridge over Bow and Bark- 
ing Railway. Details .10 
Otitfall Sewer. Bridge over East Ixaidoii 

Waterworks' Feeder. Elevation . .11 
Outfall Sewer. Bridge over VAst London 

Waterworks' Feeder. Details. .12 

Outfidl Sewer. Reservoir. Flan . . . 13/ 
Outfall Sewer. Reservoir. Section .14 

Outfall Sewer. Tumbling Bay and Outlet . 15 
OutfaJl Sewer. Penstocks . . . . 10 



MAIN DRAINAGE METROPOLIS— 

conlinv.cd. No. of 

Plate. 

Reservoir and Outlet. Plan 19 

Reservoir and Outlet. Details 

Reservoir and Outlet. Details 

Reservoir and Outlet. Details 

Filth Hoist . 



Outfall Sewer. 
Outfall Sewer. 
Outfall Sewer. 
Outfall Sower. 
Outfall Sewer. 



20 
21 
22 
23 
24 



Outfall Sewer. 
Otitfall Sewer. 



Sourn Side. 
Bermondsey Branch 
Bermondsey Branch 



17 
18 



Sections of Sewers (North and South Sides) 

THAMES EMBANKMENT. 

Section of River Wall 25 

Steam-boat Pier, Westminster. Elevation . 26 
Steam-boat Pier, Westminster. Details . *J7 
Landing Stairs between Charing Cross and 

Waterloo Bridges 28 

York Gate. Front Elevation . .29 

York Gate. Side Elevation and Details . . 30 
Overflow and Outlet at Savoy Street Sewer. 

Details 31 

Overflow and Outlet at Savoy Street Sower. 

Penstock 32 

Overflow and Outlet at Savoy Street Sower. 

Penstock 33 

Steam- boat Pier, Waterloo Bridge. Elevation 34 
Steam-boat Pier, Waterloo Bridge. Details . 3r» 
Steam-boat Pier, Waterloo Bridge. Details . iHi 
Jimctiun of Sewers. Plans and Sections . 37 
GiiUies. Plans and Sections . . . . 38 

DIAGRAMS. 

Rolling Stock a 

Granite and Iron Forts b 



The letterpress contains full descriptions of the works of the Main Drainage and 
Thames Embankment, together with articles on the Formation of Harbours, Ports, 
aad Breakwaters, Fortifications, Rolling Stock, and Armour Plates. 
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HUMBEE'S KBCOBD OF MODISH EVGHTEBSHra, 1864- 

Imp. 4to. with 86 Double Plates, drawn to a large scale, and Portrait of Robert 

Stephenson, 21. Z». half-morocco. 

A RECORD OF THE PROGRESS OF MODERN ENGINEERING, 1864: 
Comprising Civil, Mechanical, Marine, Hydraulic, Railway, Bridge^ and other 
Engineering Works. By William Hukbeb, Assoc. Inst CB. and M. Inst M.E., 
Author of 'A Complete and Practical Treatise on Cast and Wrought- Iron Bridge 
Construction.' 

"The engineering annual before ua fully maintains Mr. Humber'a roputatlun an an author It 
in, ae it prufesnes to be, a r^tumi of all the moat Interesting and important worka lately completod 
in Great Britain ; ana containing, as it does, care^iUy-executed drawings, with fall working 
details, will be found a valuaUe aoceaaory to the profession at large." — Brngin^Vt Not. 24, lSt>5. 

" The entire work girca oridence of the displav of a large amoimt of ciro and judgment by tho 
author, both in the selocMen and arrangement of the materials. The book is one which c;mnot 
ftiil to be moat favourably receired, from its inherent worth and great value to the engineeriug 
Iirofcssion." — Mining Jtmrtial. 

' ' A venr excellent record of public worka in inrogreaa, or completed in ISH.** -^Ariutm. 

"Mr. Eiumbor has done the profession good and true service oy the flae collection of examplcj) 
bo has here brought before them." — Pra<^ical Mtchanie't Journal, 



FIRE ENOIHEE&IHO. 

Kow ready, with numeroua illustrationii, diagrams, etc., haadaomely printed, 644 pp^ 

demy 8yo, price £1 is., doth. 

FIRES, FIRE-ENGINES, AND FIRE-BRIQADES ; with a History of Manual 
aud Steam F^re-Engines, their Construction, Use, and Management ; Remarks 
on Fire-Proof Buildings, and the PresorTation of life from Fire; Statistics of the 
Fire Appliances in English Towns ; Foreign Fire Systemd ; Hints for the formation 
of, and Rules for, Fire-Brigados ; and an Account of American Steam Fire-Engines. 
By CuARLES F. T. YouNO, C.E., Author of "The Economy of Steam Power on 
C<>mmon Koads, etc. 

" .V Isirf^e. wcll-fillcd. .md n«»ofnl l)Ook umn a subject which poMOSflCs a wide and incrcaaing 
]ml»lio interest .... To such of our readors as arc interested in the subject of fires mvi firc- 
apivirajiUB we can most heartily c<»uimond this I took .... It is rc.Uly the (»nly English work wo 
now havi; ujK»n the Kubjet^t." — Engtn((r\uit. 

" Mr. Yotmi; h.is proved lij- his present work thit lie i.s a ^ood engineer, aud pxscu^siid of 
surtieient litciMry enerjfy U> pr«>luec a very readable and int<?re.stin^ volanio." — Emfn-:'-.-. 

•"Fire is now in f;f«hiou. It always has a sini^^ular fascination for most human l>ein,r.s. It 
appeals to many emotions ; it provides danj^er for the bravo, novelty for the triflcr, li^UtM and 
shades for arti.stH. excitement for all. JJut now it may be s;ud thit there is in I.,<:>udon a Kpccics 
of fire-worsliip, of which Mr. Young iniiv bo .said to be the Illerarch. Prince and peasant alike 
take ]>art in the ceremonies .... Mr. Young's book is thoroughly practical. " — liunUr. 

" Fire, above all the elements, i.s to bo drc;ided in a jrrc.at cit}', and Mr. Younj.r deserves hearty 
thanks fi)r the elaborate ]winfl. benevolent spirit, scientific knowled;^©, and lucid exi>osition he 
has broujxht to bear iipou the sutueet: and liia pub^'tantial book should meet with ^ukstantlil 
suc'oss, for if e-iucorns cwryone who lias even a -Jkin which is not fireproof." — Uh's^tnOcd Lun (->/' 

"Til-? l)r..le;ti «n of life und pr.»jfrty from firo i-icli d\y receives increasing attention, and 
Mr. V>.unL,'s bo.ik is in t-vory way cutith.-tl to lij cio-cly .studied by all who woidii claim a thoruu^fli 
liljf'.vl il.'i' <.f tin- siibjov't." — }fiiiiii;i Jifi-iK'l. 

" .\ Yoliuiio whiih mu<t be reirardcd as tlie texl-book <.f its subject, and which in jMu'nt of 
i.'it-r-'t ,ml i!iliii»s:o v;ihi.- is src(nnl to ut) conti-ibuticu t'» u .sjtccial dejMrtmcnt of lii.vit«.,ry witli 
wIm.'.i w.« uro ac'iuiintod. ' Firos, I-'ire-Kn^rino^s. and J'irc-lhigades' is the i^nKluctzonof .in 
< f^ruL.t and <lili::-.Mit writer who coni'vs t^) tho task ho h.as luj^lertiken with a thor<ni.:h love of it., 
aii'l a linn tli.'tonMinition to do it justi'-c .... The style of the work !:> adniirali'e. . . . ltha> 
iLc <ui]>:i.-;>in.Lr merit of l)cin<r tlioj-ouj,ddy reliable." — In.*i'r.-n,ty A\,.r/r(/. 

" Wo rocomim.nd the work, as it concerns everybody, to everybody's perusal." — dv.ii Joun'cl 

** .\ u«ofvd cmpondium on all brandies of the exciting' .sjibjeot of fire." — Jit-.ilde,: 

•• Mv. Ytnui'^' has produced a really txh.-iustive work." — Cit</ /*/•<«. 

ENGINEER'S AND CONTRACTORS OFFICE SHEET. 

In preparation for 1867, on a lar^'e sheet, for hanging or mounting. Price 2s. C<?. 
rpn K KNGINEER'S AND CONTRACTOR'S OFFICE SHEET AND ALMANACK. 
-L Containing, beside the u.sual Almanack matter, a. lai^e variety of information 
.sefal in an Enginoer'.s Office, with very numerous formulrc, data, &c., &c. 
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VOAD*S STUDEITTS' TEZT-BOOK OF ELECTRICITT. 

Now reiidy, post Syo, nearly 500 pp. and 400 illustrationB, price 12«. 6d. cloth. 

THE STUDENTS TEXT-BOOK OP ELECTRICITY; including Magnetism, 
Voltaic Rlectricitr, Electro-Mag^etiam, Diamagnetism, ICagncto-Electricity, 
Tdermo-EIectrioity, and Electric Telegraphy; beiufl; a condensed risumS of the 
Theory and Applications of Electrical Science ; including its latest practical Deyelop- 
mentfl, particularly as relating to Aerial and Suboxarine Telegrai^y, and every recent 
Discovery. By Hewbt 1L Ko.u>, Ph.D., F.R.S , Lecturer on Chemistry at St. Qeorse's 
Hospital, Author of "A Manual of Chemical Anaiysis/' " A Manual of Electricity." 

In this work it has boon the author's endeavour to present a faithful reflex of the {Mnasent state 
of electrical science. The work bdng specially intended for the use of studsnts, much con- 
d«isstian was necessary in order to Mng it within the limits of a moderate siMd Tolume. It 
will, nevertheless, it is hopod. be found to include the latest important discoveries, and the chief 
praetiaal applications of the science. In carrying out the desipfn of the book, the author has 
availed himself freely both in the matter (In a condensed form), and of the Ulustrations, of his 
" Manual of Electricity," but the present volume wiU bo found to contain much additional and 
important information, which has become available since the publication of that work. 



HASKOLL'S FIELD-BOOK, BSLABOED. 

Now ready, with numerous wood-cuts, 12mo, price 129. cloth. 

THE ENGINEER'S, MINING SURVEYOR'S AND CONTRACTOR'S FIELD- 
BOOK. By W. Datib Habkoll, Civil Engineer. Second edition, much 
enlaiget], consisting of a Series of Tables, with Rules, Explanations of Systems, and 
Use of Theodolite for Traverse Surveying and Plotting the Work with minute accuracy 
by means of Straight Edge and Set Square only ; Levelling with the Theodolite, Cast- 
ing out and Reducing Levels to Datum, and Plotting Sections in the ordinary manner ; 
Setting out Curves with the Theodolite by Tangential Angles and Multiples with 
Right and Left-hand Readings of the Instrument; Setting out Curves without 
Theodolite on the System of Tangential Angles by Sets of Tangents and Offsets; and 
Earthwork Tables to 80 feet deep calculated for every 6 inches in depth. 

KOTICSS OF THE FIB8T EDITION. 

" A very useflil work for the mactical engineer and surveyor." — Railtoay New». 

** The book is very handy, and the author mijtht have added that the separate tables of Rincs 
and tangents to every minute will make it useful for many other purposes, the genuine transverse 
tables existinsr all the Kmie.** — Afhenmti,m.. 

" The work forms a handsome pocket volume, and cannot fail, from its portability and utility, 
to be extensively patronised by the engineering profession.** — Minima JoHrnaL 

" We know of no better field-book of reference or collection of tables than that Mr. Haskoll has 
given." — Ariizan. 

" A series of tables likely to be very useful to many civil engineers." — Buildinff Newt. 



INWOODS TABLES, GREATLT EITLAIIOED AVD IKPBOVfiD. 

Just published, 12mo, St., doth. 

TABLES FOR THE PURCHASING OP ESTATES, Freehold, Copyhold, or 
Leasehold ; Annuities, Advowsons, &c., and for the Renewing of Leases hold 
under Cathedral Churches, Colleges, or other corporate bodies ,* for Terms of Years 
certain, and for Lives ; also for Valuing Reversionary Estates, Deferred Annuities, 
Next Presentations, &o., together with Smart's Five Tables of Compound Interest, 
and an Extension of the Same to lower and intermediate Rates. By William Inwood, 
Architect. The 18th edition, with considerable additions, and new and valuable 
Tables of Logarithms for the more Difficult Computations of the Interest of Money, 
Discount, Annuities, &o., by M. Fbdor Thoman, of the Soci^t^ Credit Mobilier of Paris. 

This edition (the ISth) differs in many important particulars from former ones. The 
changes consist, firtt, in a more c<mvenient and systematic amuurament cf the original Tables, 
andln the removal of certain numerical errors which a very careful revision of the whole has 
enabled the present editor to discover ; and ttecomlly^ in the extension of practical utility conferred 
on the work by the introduction of Tables now inserted for the first time. This new and 
important matter is all so much actually added to Inwood's Tablbs ; nothing has been abstracted 
from the original collection : so that tho.<(e who have been long in the habit of consulting IirwooD 
for any special x*rofessional purpose will, as heretofore, find the information sought still in its 
]iagos. Tne aim of the publishers has been to preserve the characteristic features of the book, 
}ind, regardlem of expense, to give that extension to the original work which the author himself, 
bad he been living, would, no doubt, have seen to be demanded by the exigencies of oxiitting 
commercial and professional undertakings. 
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AIDE-MfiMOIRE TO THE MILITARY SCIENCES, 

Framed from ContributioiiB of Officers aod others connected with the different 
Services. Originally edited by a Committee of the Corps of Royal Engineers. 
Second edition, most carefully revised by an officer of the Corps, with many 
additions. Containing nearly 850 engravings and many hundred woodcuts. 
3 vols., royal 8vo, extra doth boards, and lettered, price il 10«. 

*«* A List of the subjects amply and practically treated of, and of the principal 

cobtrLbutorsy will be forwarded on application. 

"A compendious encyclopiedia of militaiy knowledge, to which we are greatly indebted.'*— 
Bdinhwrffh Review, April, 1M4. 

"The moet compreheniiTe work of reference to the militaiy and collateral adencea. Among the 
list of contributora, some seventy-seven in number, will be found names of the highest distinction 
In the servlcea. . . . The work claims and possesses the great merit that by far the larger portitoi 
of its subjects have been treated originally by the practical men who have bemi its contributors." 
— Volunteer Serviet Otuette. 

ALBAN, Dr. ERNST. 

THE HIGH-PRESSURE STEAM ENGINE : an Exposition of its Compa- 
rative Merits, and an Essay towards an Improved System of Construction, 
adapted especially to secure Safety and Economy. By Dr. Ernst Alban, 
Practical Machine Maker, Plan. Mecklenberg. Translatcwl from th« German, 
with Notes, by Wm. Pole, C.E., F.R.A.S., Assoc Inst C.E. With 28 fine 
plates, 8vo, li$, 6d, cloth. 

ARUNDELL, W. 

A PRACTICAL TREATISE on THE LAW RELATING to MINES and 
MINING COMPANIES. By Wbittoh Abundsll^ Attomey-at-Law. Crown 
8vo, 4s, cloth. 

BEAZELEY, ALEX. 

TABLES OF TANGENTIAL ANGLES AND MULTIPLES for setting out 
curves from 6 to 200 radius. By Alexander Beazelet, M. Inst. C.E). 
Printed on 48 cards, and sold in a cloth box, waistcoat-pocket size, price 3<. dd. 

" Each tabic Is printed on a small card, which, being placed on the theodolite, loaves the hands 
(Voe to mauipulato the instrnraent— no small advantage as regards the rapidity of work. They are 
clearly printed, and compactly fitted inU> a small case for the i)ockct — an arrangement that will 
recommend them to all pnictical men." — Engineer. 

" Very handy : a man may know that all his day's work ratist fill on two of these cards which 
ho puts int<j his own card-case, and Icave.s the rest behind." — Atfienamm. 

BUCK, GEO. W. 

A PRACTICAL AND THEORETICAL ESSAY ON OBLIQUE BRIDGES, 
with 13 large folding Plates. By Geo. Watson Buck, M. Inst. C.E. Second 
edition, corrected, byW. H. Barlow, M. Inst. C.E. Imperial 8vo, 125. cloth. 

BUILDER'S AND CONTRACTOR'S PRICE BOOK. 

LOCKWOOD and CO.'S (formerly WEALE'S) BUILDER'S aud CON- 
TRACTOR'S PRICE BOOK, publiehcd annually. Containing the latest 
Prices for Work in all branches of the Building Trade, with Items numbered 
for easy reference, and an Appendix of Tables, Note?, and Memoranda, 
arranged to afi'ord detailed information commonly required in preparing 
K-.timate.a, &c. Edited by Geohgk R. Burnell, F.G.S., F.S.A., &c.. Civil 
Engineer and Architect. 12uio, 4s. cloth, lettered. 

*♦* Tliis Rook ia now the universally recognised arbitrator in the settlement of disputed 
arcountH. Tlxo present E<iition has been thoroughly revised ; every line and figure Ikw Ikktu 
carefully oonaidered and comivired with existing Price List*«. Not being printed from stcreot\iHJ 
plates year jiftcr year, as is the case with other books of the kind, errors are not pcrpettuited. 
and the o]>ix>rtunity is taken in every reprint to introduce current prices and other desirable 
improvements. 



CARR, JOHN, M.A. 

A SYNOPSIS of PRACTICAL PHILOSOPHY. By tho Rev. John Carb, 
^LA., late follow of Trin. Coll., Cambridge. Second edition. 18mo, 5#. cloth. 
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BURN, R. SCOTT. 

THE LESSONS OF MT FARM; a Book for Amateur AgrioulturisUi, being 
an Liitroduotion to Farm Practice, in the Culture of Crops, the Feeding of 
Cattle, Management of the Dairy, Poultry, and Piga, and in the Keeping of 
Farm-work Records. By Robbrt Scott Burn, Editor of ''The Tear Book 
of Agricultural Facts," and one of the Authors of " Book of Farm Imple- 
ments and Machines," and "Book of Farm Buildings." With numerous 
illustrations, fcap., 6#. cloth. 

" A veiy UBoM little book, written in the lively stylo which will attract the amateur class to 
whom it is dedicated, and contains much sound advice and accurate description." — Atkenamm. 
*' A most complete introduction to the whole round of farming practice."— ^o^n BnU. 

CARPENTER'S (THE) NEW GUIDE, 

Ob, book of lines FOR CARPENTERS, comprising all the Elementary 
Principles essential for acquiring a knowledge of Carpentry, founded on the 
late Peter Nicholson's stands^ work. A new edition, rerised hy Arthur 
AsHPiTEL, Aroh. F.S. A, together with Practical Rules on Drawing, by Qeoroe 
Ptns, Artist With 7i plates, 4 to, 1/. 1«. cloth. 

CHAMBERS' CIVIL ARCHITECTURE, by GWILT. 

A TREATISE ON THE DECORATIVE PART OF CIVIL ARCHI- 
TECTURE. By Sir William Chambers, K.P.S., F.R.S., F.S.A., F.U.aS. 
With Illustrations, Notes, and [an Examination of Grecian Architecture. 
By Joseph Gwilt, F.S. A. New and Cheap Edition, revised and edited 
bT W. H. Leeds. With 65 Plates and Portrait of the Author. Royal 4to, 
ll, la, cloth. 

*^* A new edition of this standard architectural work (which has already 
passed through seyeral high-priced issues), so cheap as to place it within the 
reach of the humbler classes of students and practical men, and at the same 
time so carefully edited and well executed as to make it worthy of a place on 
the shelves of the more opulent, cannot fail to be received as a boon by the 
professional public at large. 

COMPLETE GRAZIER, The, 

AND FARMERS AND CATTLE BREEDER'S ASSISTANT. A Compen- 
dium of Husbandry, especially in the departments connected with the breed- 
ing, rearing, feeding and general management of stock, the management of 
the dairy, etc. ; with directions for the culture and management of grass land, 
of grain and root crops, tlie arrangement of farm offices, Uie use of implements 
and machines ; and on draining, irrigation, warping, &c., and the application 
and relative value of manures. By WILLIAM YOUATT, Esq., V.S., Member 
of the Royal Agricultural Society of England; Author of "The Horde,'' 
" Cattle/' &c. Eleventh Edition, enlarged, and brought down to the present 
requirements of agricultural practice, by ROBERT SCOTT BURN, one of the 
Authors of " The Book of Farm Implements and Machines," and of ** Tbo 
Book of Farm Buildings,** Author of " The Lessons of My Farm," and Editor 
of ** The Year-Book of Agricultural Facts." In one large 8vo volume, 784 pp., 
with 215 Illustrations. Price 1/. !«., strongly half-bound. 

*' The standard, and text-book, with the farmer and gnai\er.*'— Farmer** Maffcuim. 

** A treatise wmch will remain a standard work on the subject as long as British agriculture 
endures." — Mark Lane Bxpreu. 

" It is, in fact, a compcmdium of modem husbandry, embracing a concise accouut of all the 
leading improvements of the day." — New Sporting Maganne. 

COTTAGES, VILLAS, AND COUNTRY HOUSES. 

DESIGNS and EXAMPLES of; being the Studies of several eminent Archi- 
tects and Builders, consisting of pUuos, elevations, and perspective views ; 
with approximate estimates of the oost of each. In 4 to, 67 plates, price 
1/. 1«. cloth. 
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DELAMOTTE, F. 

A PRIMBR OF THE ART OF ILLUMINATION ; for the um of beginnen, 
with a radimaotarj treatiM on the art, piaetieel direotioiie for ite exercise, and 
numeroiu examplei^ taken from illuminated MS8., and printed in QOLD and 
COLOURS. By F. Delamotti. Small 4 ko^ price te. Elegantly bound, doth 
antique. 

** A handy bcx^ beautifully Qlustrated ; the text of which is well written, and calculated to bo 
usefuL . . . The examples of ancient MSS. recommended to the atudcnt, which, with much 
aood sense, the author chooses from collections accessible to all, are selected with judgment and 
knowledge, as well as taste.** — AthenmtM. 

" ModcsUy culled a Primer, this little book has a good title to he esteemed a manual and guide 
book in the study and practice of the dilTorent styles of ornamental lettering, used by the artistie 
transcribers of poxt conturics. ... An amateur may with this silent preceptor learn the whole 
art said mystery of illuminati<ni."— ^^pedotor. 

** The v^tmio, very beautifully got up, is as ornamental as it is useful, and we can heartily 
recommend it to the notice of those who wish to become proficient In the Axt'*--'£tifflitk Churdi- 
man. 

" We are able to recommend Mr. Delamotte's Tnatiae on lUnwhmMnn to all who desire to 
become practicaUsr acquainted with the Art Hie letter-press is modestly but judiciously written ; 
and the illustrations, which arc numerous and well chosen, are beautiflilly printed in gold and 
colours. " — Bcctuioloffut. 

DELAMOTTE, F. 

ORNAMENTAL ALPHABETS, ANCIENT AND MEDIEVAL, from 
the eighth century, with numerals. Including Qothic, Churdx-Text^ lax^e and 
small; German, Italian, Arabesque, Initials for Illumination, Sonograms, 
Crosses, kc, &o., for the use of Architectural and EngLneeringDraught^men, 
Missal Painters, Masons, Decorative Painters, lithographers, Engravers, Car- 
vers, &c., &c., &c Collected and Engraved by F. Dilamotib, and printed 
in Colours. Royal 8vo, oblong, price is. cloth. 

" a well-known engraver and draughtsman has enrcdled in this useM hook the result of many 
yean* study and research. For thoso who insert enamelled sentences round gUdod chidiccs, whu 
bUuon shop legends over shop^oora. who letter churoh walls with pfthv sentences from the Deca- 
logue, this book will bo useful. Mr. Delamotte's book was wanted.^— J^tAencriim. 

DELAMOTTE, F. 

EXAMPLES OF MODERN ALPHABETS, PLAIN AND ORNAMENTAL, 
Including German, Old Englinh, &\xon, Italic, Perspective, Greek, Hebrew, 
Court Hand, Engrossing, Tuscan, Riband, Gothic, Rustic, and Arabesque, 
with several Original Designs, and an Analysis of tho Roman and Old English 
Alphabets, Large and Small, and Numerals, for the use of Di-aughtsmeu, Sur- 
vcyors, Masons, Decorative Paintei-?, Lithographers, Engravers, Carvers, kc. 
Collected and Engraved by F. Delamotte, and printed in Colours. Royal 
8vo, oblong, price is. cloth. 

"To artists (^f all cL-vsscfl, but more crti^ecially to architects and engravers, this veiy h:iiKl'««jnio 
book will iHi invaluable. There is comprised in it every possiblo Bhupc into which the lcttcr> 
of tho alphabet and numenila can Iw formed, juid the tiilent which has been cxiH)ude<l in the 
conception of tho variona pliiin an<.l ornamental letters is wonderful."— 5fv7MioJ"i'. 

DELAMOTTE, F. 

MEDI/EVAL ALPHABETS AND INITIALS FOR ILLUMINATORS. By 
F. Delamottk, Illuminator, Designer, and Engraver on AVood. Containiu*; 
21 Platcfl, and Illuminated Title, printed in Gold and Colours. With an In- 
troduction by J. Willis Brooks. Small 4to, 6*. cloth, gilt 

••A volume in wliich tho letters of tho alphabet come forth glorified in gilding and all tin* 
colours of tho ]»n.sm inter^viivcn and intertwined and lnt<?rmingled, sometimes with a s«.»rt of 
niinbow aral.>e»<iuc. A ix>om embhusoned hi these chiuacttirs would be only comparable t«» 
one of those liolicious love letters symbolised in a bunch of flowers well selected and cleverly 
arranged." — Hun. 

DELAMOTTE, F. 

THE EMBROIDERER'S BOOK OP DESIGN, containing InitiaU, Emblemp, 
Cyphers, Monograms, Ornamental Borders, Ecclesiastical Devices, Mediieval 
and Modern Alphabets and National Emblems. Collected and Engraved by 
F. Dklamotte, and printed in Colours, oblong royal 8vo, price 2«. 6d. in 
ornamental boards. 
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DEMPSEY, G. D. 

THE PRACTICAL RAILWAY ENGINEER. A Concise Description of the 
Engineering and Mechanical Operations and Structures which are combined 
in tiie Formation of Railways for Public Traffic ; embracing an Account of 
the Principal Works executed in the construction of Railways ; with Facts, 
figures, and Data, intended to assist the Civil Engineer in designing and 
executing; the important Details required. By Q. Dbysdale Dbmpsbt, C.E. 
Fourth Edition, revised and greatly extended. With 71 double quarto plates, 
72 woodcuts, and Portrait of QzoRQi STKPHiNSOy. 1 large toL ito, 
21, 12$. 6d. cloth. 

BOWLING, C. H. 

A SERIES OP METRIC TABLES, in which the British Standard Measures 
and Weights are compared with ilioso of the Metric system at present in uue 
on the Continent. By C. H. Dowlino, CE. 8yo, 10s. 6d., strongly bound. 

" Mr. Dowling'8 Tables, which arc well put to^thor, come just in timo as a ready reckoner for 
the oonveridou of one system into the other." — Aihenaum. 

** Their accuracy has been certified by Professor Airy, the Astronomer Royal." — Builder. 

** Resolution 8.— That advantage will be derived fVom the recent publication of Metric Tables, bv 
C. H. Dowling, CE."— Report of Section F, Brit ink Auociation, Bath. 

"We believe those Tables to bo thoroughly reliable."— fiwi B»ffineer and Arch'U(ct«* Journal. 

DOWSING, WM. 

THE TIMBER MERCHANTS AND BUILDER'S COMPANION, contain- 

ing New and Copious Tables of the Reduced Weight and Measurement of 

Deals and Battens, of all sizes, from One to a Thousand pieces, and the relative 

price that each size bears per Lineal Foot to any given price per Petersburg 

Standard Hundred ; the price per Cube Foot of square Timber to any giveu 

price per Load of 50 feet; the proportionate value of Deals and Battens by the 

Standard, to Square Timber by the Load of 50 feet, the readiest mode of 

ascertaiuiog the price of Scantling per Lineal Foot of any size, to any given 

figure per Cube Foot. Also, a variety of other valuable information, useful to 

all parties concerned or interested iu the buying or selling of Foreign Timber. 

By William Dowsing, Timber Merchant. Second Edition. Crown 8vo, 38.cluth. 

*• Every timlx^r merchant and builder, all persons engaff<)d in canying wood, where it is 
requisite to ascertain its weight, — ^ndcpd, every person who has to do with wood, — oucrht to have 
this Companion. "^/fuU Advertiser. 

EVERY MAN'S OWN LAWYER : 

A HANDY BOOK OF THE PRINCIPLES OF LAW AND EQUITY. 
By a Barrister. Fifth Edition, much enlarged, and brought down to cud 
of 1 866 session. 12 mo, price Qs. Sd. (saved at every consultation), strongly 
bound in cloth. Comprising the Uiglits and Wrongs of Individuals, Mercan- 
tile and Commercial Lair, Criminal Law, Parish Law, County Court Law, 
Game Laws, the Laws of 



Bakkbuptcv. 

Bbts ani> Waoeus. 

Bills or Excuange. 

Contracts. 

CopvRioiiT, Patents, Etc. 

Electiokh. 



TssruAScK, Marino, Fire, & Life. 

LnuX AND SLANDtlR. 

Maukiaoe and Divorck. 
Mkrchant Suippiko. 
Mor.T<>AGKa. 

SnTTLEMENTS. 



Stock Exchakoe Practict. 

TREetPACtS, NUIHANCES, EtC. 

Tranafer or Land, Etc. 
Warranty. 

Wills and Aorkkmknts. 
Etc. Etc. 



Also Law for 

Landlord and Tenant— Miwtor and 8erv.int — Hiwhand and Wife — Exccutom and Tnisteos — 
Guxtrdian and Ward— Married Women luid Infant;*— Partners and Agents— Lender and Borrower 
— Debtor and Creditor — Purchaser and Vendor — Coinponios and AsAociations — Friendly Societies — 
Cleivymon, Churchwardens, Etc. — Medi&d Practitioners, Etc.— BonkcrA— Farmers— Contractors — 
Stock and Share Brokers— Sportsmon-Oanickecpers — Farriers and Horse-dealers — Auctionccrn, 
Uouse-Apronts — Innkeepers, Etc. — Bakers, Millers, Etc. — ^Pawnbrokers — Survoyors, Carriors~Cou« 
stables — Labomx^rs— JScomeu, Soldiers, Etc. 

OPINIONS OF THE PRESd. 

"What it professes to be, a complete cuitome of the laws of this ooimtry."— JMr« Xi/is. 

" A clearly -w<n\led and explicit manual, containing information that must be iiseful to every- 
body. "—iferAnnic** Magazine. 

" This is a work which has long been wanted, which is tLorougfaly well d<me, and which we 
most cordially recommend to our readers. "-^tSuni^y Timet. 
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FAIRBAIRN, WM. 

IRON ; its History, Properties, and Processes of Manufacture. By William 
Fairbairn, C.E., LUD., F.R.S., &c With numerous Woodcuts. Post 8vo, 
price 6t. cloth. 

" A Bctentific work of the first claas, whose chief merit lies in bringing the more important facts 
connected with iron into a small compass, and within the comprehension and the means of all 
persons engaged in its mantifiicture, sale, or iiso.*' — Mtchanict' Magazine. 



GRAHAM, ALEX. J. S. 

A MANUAL ON EARTHWORK. By Albz. J. S. O&aham, C.E., Resident 
Engineer, Forest of Dean Central Railway. With numerouB DiagramB, 18mo, 
2«. 6d, doth. 

** We can cordially recommend the work to the notice of our readers." — BuHdiM News. 

*' As a really handy book for reference, we know of no work equal to it ; and the Railway Engi- 
neers and others employed in the measurement and calculation of earthwork will find a great 
amount of practical information very admirably arranged, and arailable fbr general or rough esti- 
mates, as well as for the more exact calculations requued in the Enginews* Offices."— i^rfuan. 

GRANDY. R. E. 

THE TIMBER IMPORTER'S, TIMBER MERCHANT'S, and BUILDER^S 
STANDARD GUIDE. By Richard E. Orandt, 12mo. price 7«. 6<2. cloth. 
Comprising — For the Timler Importer and MerchaiU : An Analysis of Deal 
Standards, Home and Foreign, with comparative Values and Tabular Airange- 
ments for Fixing Nett Landed Cost on Baltic and North American D^ds 
including all intermediate Expenses, Freight, Insurance, Duty, &c. ; also 
Practical Methods and Examples for Reduction, embracing Solid, Lineal, 
Numerical and Superficial Quantities, Prices, ftc. A Complete Exposition of 
the Square Timber Trade, North American and Baltic; with Percentage 
Differences on String, Caliper, Cubic, and Running Measurements. Also 
Tabular Matter, with Nett Landed Cost, including all intermediate Expenses, 
constructed on the data of a progressiye Rate for First Cost in Dollars, 
Currency, or Sterling. American and Baltic Lathwood, Staves, &c., with 
particulars of Freights, Duties, Expenses, and Measurements, United States 
Exchange and Canadian Currency : with Examples. For the Retailer and 
JiuUder : Copious Information, with Tables setting forth Nett Cost of Mate- 
rial and Workmanship to Builder or Manufacturer on Flooring, Sheeting, 
Joistinp, Skirting, Door^, Windows, Architraves, &c. per Square, Piece, 
Superficial or Lineal Measurement, Brickwork, Stonework, Excavations, 
Slating, Tiling, Metal Pillars, I^ead, Zinc, Corrugated Iron, Hoofing Felt, 
Cisterns, Painting, Papering, Builders' Ironmongery, &c. 

"ThiH very useful volume." — BuiUkr. 

'•The tablea comprised in this work must uflorJ matcrhil assi.st.mcj to the thiibor merohant." 
— Mtch'i.nic'f Marjnzinf. 

•' A vast uumber of very vahiablc tables for the timl>cr importer and consumer." 

Practia'l Mechanu:B' Journal. 

" A h:inJy little guide to the timber tmJo. . . . The infomuation is very complete." 

Dublin Biiil'ffi'. 

" Every thiiiK it prctcud.s to be : built uji fl^adually, it leads one from a forest to a trenail, and 
tlirows in as a makeweight, n ho.st of material concerning bricks, columns, cisterns, &c. — .all that 
the class to whom it a])pculs rcviuires." — En uliult Mechanic. 

'* Tlic only difficulty we have is as to what is not in its pages. What wc have tested of the 
contents, tiikenat random, is invariably correct." — Illustrated BuiUier'sJout-nal. 

GRANTHAM, JOHN, C.E. and Naval Architect. 

ON IRON SHIP-BUILDING, with Practical Examples and Details, in 
twenty-four plates, together with separate text containing Descriptions, Expla- 
nations, and General Remarks, for the use of Ship-owners and Ship-builders. 
By JouN Grantham, C.E., Consulting Engineer and Naval Architect. Fourth 
Edition. The plates of the present Work have been prepared, and the subjects 
drawn, iu elevation, plan, and detail, to a scale useful for immediate practice, 
in a folio size, with figured dimensions, and accompanied by a small Volume 
of text (which may be had separately, price 2*. 6d.). Price 1^ 5s. complete 
— the plates in wrapper, folio, and the text in 12mo, red cloth limp. 
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GREGORY, Dr. OLINTHUS. 

MATHEBCATICS for PRACTICAL MBN ; being a Common Place Book of 
Pore and Mixed Mathematics, designed chiefly for the use of Civil Engineers, 
Architects, and Surveyors. By Olinthub Qbsoobt, LUD., F.R.A.S. Enlaxged 
by Hbnbt Law, Civil Engineer. Fourth Edition, carefully revised and cor- 
rected by J. R Young, formerly Professor of Mathematics, Bel&st College ; 
Author of "A Course of Mathematics," &c. With 18 plates, medium 8vo, 
1/. 1«. cloth. 

COMTENTB. 



PART I.— PURE MATHEMATICS. 

Chapter L—Artthmbtic. I. Definition of nota- 
tion — ^2. Addition of whole numbers — 3. Bub- 
traction of whole numbers — t. Multiplication 
of whole numbers — 5. Division of whole num- 
bers — ^proof of the first four rules of arithme- 
tic — 5. Vul^iar fractions ; reduction of vulgar 
fractions : addition and subtraction of vulgar 
fractions ; multiplication and division of vul- 
gar fhustions — 7. Decimal fhhctions; reduction 
of decimals ; addition and subtraction of deci- 
mals : multiplication and division of decimals 
— 8. Complex fractions used in the arts and 
commerce ; reduction ; addition ; subtraction 
and multiplication; division; duodecimals — 
9. Powers and roots; evolution — 10. Projwr- 
tion ; rule of three ; determination of ratios— 
11. Logarithmic arithmetic ; use of the tables ; 
multiplication and division bv logarithms; 
proportion, or the rule of three by logarithms ; 
evolution and involution by loguithms — 12. 
Properties of numbers. 

Chap. II. — Alqbbra. 1. Definitions and notation 
— 2. Addition and subtraction — 3. Multiplica- 
tion— 4. Division— 5. Involution— <). Evolution 
7. Surds : reduction ; addition, stibtraction. 
and multiplication ; division, involution, and 
evolution — 8. Simple equations ; extermina- 
tion : solution of goneml problems ; 9. Quad- 
ratic equations — 10. Equations in general — 11. 
Progression; arithmetical pro^j^ression ; geo- 
me^cal progression — 12. Fractional and nega- 
tive exponents— 13. Logarithms — 14. Compu- 
tation of formula;. 

Chap. III.— Geometry. 1, Definition— 2. Of 
angles and right lines, and their rectangles — 
3. Of triangles — t. Of quadribitenUs and poly- 
gons — 6. Of the circle, and inscribed and cir- 
cumscribed figures — 0. Of planes and solids — 
7. Practical Geometry. 

Chap. IV. — Mensuration. 1. Weights and Mea- 
sure»— i. Measures of length ; it Measures of 
surface ; iii. Measures of solidity and capacity : 
iv. Measure of weight ; v. Angular measure ; 
vi. Measure of time; comparison of English 
and French weights and measures — 2. Mensu- 
ration of superficies— 3. Mensuration of solids. 

Chap. V. — ^Trioonometky. 1. Definitions and 
trigonometrical formula) — 2. Trigonometrical 
taUes— 3. General propottitions— 4. Solution 
of the cases of plane triangles ; right-angled 
plane triangles-^. On the application of trigo- 
nometnr to measuring heights and distances ; 
determmation of heights and distances by 
approximate mechanical methods. 

Chap. VI. — Conic Sections. 1. Definitions — 2. 
Properties of the ellipse ; problems relating to 
the ellipse— 3. Properties of the hyperbola; 
problems relating to the hyperbola-—!. Pro- 
pe:*ties of the parabola ; problems relating to 
th) parabola. 

Chap. VII.— Propibtxis of Curves. 1. Defi- 
niti3ns— 2. The conchoid— 3. The cissoid— 1. 
The cycloid and epicycloid— 5. The quadratrix 



— 6. The catenaiy ; tablet of relationa of cate- 
narian curves. 

PART II.— MIXED MATHEMATICS. 

Chapter I.— Mechanics in General. 

Chap. II.— Statio). 1. Statical equilibrium — 2. 
Centre of gravity — 8. General application of 
the principles of statics to the equilibrium of 
structxiTQS ; equilibrium of piers or abutments ; 
pressure of earth against waUa ; thickness of 
walls ; equilibrium of {wlygons ; stabUity of 
arches ; eouilibrium of suspension bridges. 

Chap. III.— ^Dynamics. 1. General definitions — 
2. On the general laws of uniform and vari- 
able motion ; motion uniformlv accelerated ; 
motion over a fixed pulley ; motion on inclined 
pianos ; motion of bodies under the action of 
gravity — 3. Motions about a fixed centre, or 
axis : centres of oscillation and percussion ; 
simple and compound pendulums ; centre of 
gyration, and the principles of rotation : cen- 
tral forces ; inquiries connected with rotation 
and central forces— 4. Percussion or collision 
of bodies in motion— 5. On the mechanical 
powers ; levers ; wheel and axle ; pulley ; 
inclined plane ; wedge and screw. 

Chap. IV. — Hydrostatics. 1. General defini- 
tions— 2. Pressure and equilibrium of non- 
elastic fluids— 3. Floating bodies--!. Specific 
gravities — 5. On capillary attraction. 

Chap. V. — Hydrodynamics. 1. Motion and cfllu- 
enoe of liquids — 2. Motion of water in conduit 
pipes and open canaU, over wein, &c. ; veloci- 
ties of rivers — 3. Contrivances to measiue the 
velocity of running waters. 

Chap. VI.— Pneumatics. 1. Weight and equili- 
brium of air and elastic fluids— t. Machines 
for raising water by the pressure of the 
atmosphere — 3. Force of the wind. 

Chap. VII. — Mechanical Agents. 1. Water as 
a mechanical agent — 2. Air as a mechanioed 
a^nt ; Coulomb's experiments — 3. Mecha- 
mcal agents depending uix>n heat ; the steam 
engine ; table of pressure and temperature of 
steam; general description of the mode of 
action ox the steam engine ; theory of the 
steam engine; description of the various 
kinds of engines, and the formulsB for calcu- 
lating their ix>wer; practical application of 
the foregoing formulee— 4. Aninud strength 
as a mechanical agent. 

Chap. VIII.— Strength of Materials. 1. Re- 
sults of experiments and principles upon which 
they should be practically applied— 2. Strength 
of matsrials to resist tensile and crushing 
strains ; strength of columns— 3. Elasticity and 
elonflnation of bodies subjected to a crushing or 
tensile strain— 4. On the strength of materials 
subjected to a transverse strain ; longitudinal 
form of beam of uniform strength ; transvone 
strength of other materials tlum cast iron ; the 
strength of beams according to the manner in 
which the load is distributed— 5. Elasticity of 
bodies subjected to a transrerte strain— 0. 
Strength of materials to resist torsion. 



APPENDIX OF COPIOUS LOGARITHMIC AND OTHER TABLES, ^. ^ 
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HASKOLL. W. D., Civil Engineer. 

EXAMPLES OF BRIDGE AND YIADVQP CONSTRUCTION OP 
MASONRT, TIMBER, AND IRON ; from the Contract Drawingn or AdmM- 
turementi of lelect Works. By W. Dayib Habkolz^ CEL With 46 Plates, 
imp. folio, price 21, 2$. in wrapper, eloth back. 

HAWKINQS, JAMES. 

THE TRADESMAN'S GUIDE to SUPERFICIAL MEASUREMENT. 
Tables calculated from 1 to 200 inches in length, by 1 to 108 inches in 
brMdth. For Architects, Sorreyors, Engineers, Timber Merchants, Builders, 
Carpenters, Upholsterers, Coach MaJcers, Looking and Crown Glass Dealers, 
Painters, Stonemasons, &c By James Hawkincb. Fop. 8«. M. cloth. 

HUDSON, R, Civil Engineer. 

THE LAND VALUER'S BEST ASSISTANT : being Tables, on a very much 
improTed Plan, for Calculatins the Value of Estates. To which are add^, 
Tables for reducing Scotch, Irish, and Proyindal Customary Acres to Statute 
Measure ; also, Tables of Square Measure, and of the rarious Dimensions of 
an Acre in Perches and Tarda, by which the Contents of any Plot of Ground 
may be ascertained without the expense of a regular Survey ; Miscellaneous 
Tables, Ac. By R. HuDSOir, Civil En^eer. New Edition, with Additions 
and Corrections, price 4#., strongly bound. 

" Thin now edition includos tables for osoertaininir the value of leoMS for any term of yoors ; and 
for Hhowinff bow to lay out plotn of ground of certain aerea in forms, aqaare, rounds Ac^ with 
valuable rmos for ascertaining tbe pn>bable worth of standing timber to any amount ; and ia of 
incalculable value to the country gentleman and professional muL"—Farmer't /owmaL 

HUMBER, wm. 

A COMPLETE and PRACTICAL TREATISE on CAST and WROUGHT 
IKON BRIDGE CONSTRUCTION, including Iron Foundations. In Three 
Parts — Theoretical, Practical, and Descriptive. By William Humber, Assoc. 
Inst. C.E., and M. Inst. M.E. Second Edition, in 2 Vols. imp. 4to, with 95 
Double Plates and 237 i>ftge8 of Text, price 61. 1C«. 6rf., half- bound in morocco. 

"A vi-ry valuulilu ooutrilfution to tho standard literature of civil on^nnooriufr. In arlditii'n to 
ok'vations* plans, and soot ions, large Bcale dotailH arc Hfivcn, which vcrj'^ much enhance thcin&tnn-- 
tive worth of those illustratiouK. Nt» engineer \v<>nld willingly l>o withuut 8<.» valuable a fxnid of 
infonuatiou." — Cir,l Kxpiueer and Architect' » Journal. 

"Mr. IliunlK.'r'H stately voluuies lately issuc<l — in which tho most iinpi^rtant bri<l>ro8 erectt^I 
(luring the last five years, under tho directions of the late Mr. Brunei. Sir W. (.'u>>itt, Mr. Hawk 
sl",:iw, Mr. Page, Mr. Fowler, Mr. Ileuians, and others mnong our mo.st eminent en^'inecrs, are 
dniwn and Bi>ecilicd in great detidl." — Enginar, Nov. 1% 1801. 

IIUMBKR, WM. 

A llECOPwD OF THE PROGRESS OF MODERN KXOINI^KHINO, lSt>r.; 
conipriKiug Civil, Mechanical, Marine, Hydraulic, Hail way. IJridge, and other 
Engineering "WorkB. With Es.says and Reviews. Kilitcd by William 
Humber, Assoc. Inst. C.E., and Alcmb. Inst. M.E., Author of "A Complete 
and Practical Treatise on Cast and Wrought Iron Dridgo Constniction." 
Imperial 4to. Illustrated with 30 Double Plates, and a Photographic Portrait 
of John Uawkshaw, Esq., F.R.S., late President of tho Institution of Civil 
Engineers. Price 3/. 3«., half-bound in morocco. 

"Tlie large plates illu.*<trating the works which have boon selected by the Editor for the tir>t 
oxanii)les of intKlcrn engineering progress are well exeeutod, and the text is devoted to the .spcoiti 
cations issued hy tho engineers, and up«^»n which the tenders for tho execution of the works were 
Iwsed. A useftd selection of gmkl examples will give a high cbarHctcr to the * Record of tho Pro- 
gress of Modem Kngineering. ' " — A)'tiz(in, April, 180:{. 

" Mr. Tlumber h;iH now c(»mplcted his first Annual Volume. It consists of a goixUy numl>er of 
plates <^f large size, principally relating to railway bridges, roofs, station buildings, and works of a 
similar character." — Artizan^ Feb. 18(>4. 

•• Handsomely lithographe<^^l and printed, it will find favour with many who desire to preserve in 
a permanent form copies of the plans and .specilications prepared for the giiidauce of tho contractors 
for many important engineering works." — Engineer. 

*.* This Work will be continued annually. 



WORKS PUBLISHED BY LOCKWOOD ft CO. 



11 



INSTANT RECKONER. The, 

Showing the Valoe of any Quantity of Goods, including Fractional- Parts of a 
Pound Weighty at any price from One Farthing to Twenty Sliillings : with an 
Introduction, embracing copious Notes of Coins, Weights, Measures, and other 
Commercial and Useful Information ; and an Appendix oontaining Tables of 
Interest, Salaries, Commission, ftc. 2imo, Is, Od. cloth ; or St. isather. 

MURRAY, ANDREW AND ROBERT. 

SHIPBUlLDINa IN IRON AND WOOD. By Andbsw Mubbat, M.I.C.E., 
Chief Engineer and Inspector of Machinery of H. M.*8 Dockyard, Portsmouth ; 
and STEAM SHIPS, by Robert Murray, C.E., Engineer Surveyor to the 
Board of Trade. - Second Edition, in 1 vol. 4to, with 28 Plates and numerous 
Woodcuts, price lis, cloth. 

" Indinpensable in the office of the naval architect." — PracticeU Mechanics' JownaL 
*' Ought to be in the hands of every shipbuilder or shipwright." — Sunderland Herald. 

NOAD, HENRY M., Ph.D., F.C.S. 

A MANUAL OF ELECTRICITY; including Qalvanism, Magnetism, Dia- 
magnetism, Electro-Dynamics, Magno-Electricity, and the Electric Telegraph. 
By Hsnrt M. Noad, Ph.D., F.C.S., Lecturer on Chemistry at St. Qeorge's 
Hospital. Fourth Edition, entirely re-written. Illustrated by 500 woodcuts. 
In two Parts. Part I. Elbctricitt and Galyanibii. Part II. Magnetism 
and the Electbio Telegraph. Complete in 1 vol., 8vo, II, is. cloth. 
N.B.— The Second Part may be had separately, price 10«. 6d. cloth. 

'*This publication fullv bears out its title of 'Manual.' It discusses in a satisibu^ry manner 
electricity, frictional and voltaic, thermo-electricity, and electro-physiology. To diffuse con-oct 
views of electriod scicnoe, to make known the Liws by which this mysterious force is regulated, 
which is the intention of the author, is an important task." — Athenautn. 

** It is worthy of a place in the library of every public institution, and we have no doubt it will 
be deservedly patronised by the scientific community. ** — MiHing Journal. 

NEVILLE, JOHN. 

HYDRAULIC TABLES, CO-EFFICIENTS, and PORMULiE for Ending 
the Discharge of Water from Orifice.o, Notches, Weirs, Pipes, and Rivera, By 
John Neville, Civil Engineer, M.U.I.A. Second Edition, with Extensive 
Additions, New Formulae, Tables, and General Information on Rain-fall, 
Catchment-Basins, Drainage, Sewerage, Water Supply for Towns and Mill 
Power. With numerous Woodcuts, 870. 16s. cloth. 

NORMANDY, A. 

THE COMMERCIAL HANDBOOK OF CHEMICAL ANALYSIS; or 
Practical Instructions for the determination of the Intrinsic or Commercial 




Second and cheaper Edition, post 8vo, 95. cloth. 



" We recommend this book to the careful perusal of every one ; it may be truly affirmed to be of 
tmlTeraal interest." — Medical Time*. 

'* The author has produced a volume of surpansing interest, in which he describes the chaiacter 
and properties of 400 different articles oC commerce, tne substances by which they are too freqtieutly 
adulterated, and the means of their detection." — Mining Journal. 

PYNE, GEORGE, 

PRACTICAL RULES ON DRAWING FOR THE OPERATIVE BUILDER 
AND YOUNQ STUDENT IN ARCHITECTURE. By Gbobqe Ptne, 
Author of a Rudimentary Treatise on Perspective for Beginners. With 14 
plates, 4to, 7s. 6d hoards. 

CONTSNTS. 



1. Practical Rules on Drawing,— Outlines, 
9. Ditto, — ^the Grecian and Roman Orders. 
3. Practical Rules on Drawmg,— Perspective. 



4. Practical Rules on Li^t and Shade. 
0. Practical Rules on Colour. 



IS 
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RYDE, EDWARD. 

A GENERAL TEXT BOOK FOR ARCHITECTS, ENGINEERS, SUR- 
VEYORS, SOLICITORS, AUCTIONEERS, LAND AGENTS, AND 
STEWARDS^ in all their teveral and varied professional occapaUons; and for 
the aanstanoe and guidance of Country Gentlemen and others engaged in the 
Transfer, Management, or Improvement of Landed Property. Together with 
ezamplea ef ViUas and Country Houses. By Edward Rtdk, CivU Engineer 
and ^Land Surveyor. To which are added several chapters on Agriculture 
and Landed Property, by Professor Donaldsov, Author of several Works on 
Agriculture. With numerous engravings, in 1 thick vol. 8vo, price 12. Ss, cloth. 



CONTBIVTS. 



Chap. I.— Arithmbtio. 

Chap. II. — Plaxk and Soud Qboxetbv. 

Chap. III.— MamuRATioN. 

Chap. IV.— Trioonomktry. 

Chap. V. — CoKio SscnoNit. 

Chapi VI.— Land Mcasurino. Including TaUo 
of Dedmalji of an Are— Table of Land Mea- 
nure, by dimenaiona taken in yards. 

Chap. Vll.— Land Sdrvkvino. 1. Farish and 
Bstate Sunrcjring — 2. Trigonometrical Survey- 
ing— 3. Trarerse Sunreying — i. Field Instru- 
monta — ^the Prismatic Compass; the Box 
Sextant ; the Theodolite. 

Chap. VIII. — LxYKLLiNO. Levelling Instru- 
inonta. The Spirit Level ; the Y Level ; 
Trouffhton's Level; Mr. Oravatt's Level; 
Levelling Staves — Examples in Levelling. 

Chap. IX. — Plottino. Embracing, the Circular 
Protractor — the T Square and Semicircular 
Protractor — Plotting Sections. 

Chap. X. Computation or Areas. The Pedi- 
ometer— the Computing Scale — Computing 
Tiiblcfl. 

Chap. XI. — CoPYiNo Maps. Including a de- 
Kcription of the Punti^^ph. 

Chap. XII.— -Railway Surveyino. 1. Explora- 
tion juid Trial Levels ; Stiindiiij^ Orders — 2. 
IVocoedinjya 8ubi»e<iuent to the P{W.sing o( the 
Act ; Tables fur Sotting out Curves ; Tables 
for Setting out Slopes ; Table.s of RoLitive 
(.iivulients ; SiM>cification of Works to bo ex- 
ecuted in the Construction of a Railway ; 
Form of Teiiilor. 

Chap. .XIII. — ComsiAL SuRvrviNis. 

Chap. XIV. — Uydrailics in* connei.tiox with 
Dkainauk, Sewkra(»k, ani> Watkr SuI'PLY — 
with Synojwis of Rycie's Hyilraulic Tables— 
Specification-*, Iron Pipes and C.ist-iron Pipas 
and Casting.s ; Stone Ware Drain Pijics ; Pipe 
Laying. Rescr\-oir. 

Cliap. XV. — Timber Measurin(J. Including 
Timber Tables, Solid .Measure, Uneqiuil Sided 
Timber ; Superficial Mea.sure. 

Chap. XVI.— Artikkers" Work. 1. Rricklayers' 
and Excavators' — 2. Slaters'— 3. Cariwntors' 
an 1 Joiners' — I. Sawyers' — 5. Stoncnuwons' — 
0. Plasterers" — 7. Ironnitjngers' — 8. Painters' 
1». Glaziers' — 10. Paper IlangerK*. 

Chip. XVII. — Valuation of Rstatk^. Witli 
Tables for the Purcha.sing of Freehold, Copy- 
bold, or Leasehold Estates, Annuities, and 
Advowsons. and for renewing Leases for 'Terius 
r>f Years certiin, and for Lives. 
Chap. XVIII. — Vautation of Tillaof. and 
Tenant Right. With Tables for Pleasuring 
and Valuing Hay Ricks. 
Chap. XIX — Valuation of Parisheh. 
Chap. XX.— BuiLDER-s' Prices. 1. Carpenters' 
and Joiners' — 2. Masons' — 3. Uricklayers' — 
4. PLasterers' — 5. Ironmongers' — 6. Drainers'— 
7. Plumbers'— S. Painters'— 9. Paper llaugers' 



and Decorators'— 10. Olasi^rs*— 11. Zinc 
Workers' — 12. Coppersmiths' — lH. Wire 
Workers'. 

Chap. XXL— Dilapidations and NumANCEs. 
1. General Definitions — 2. Dilapidations by 
Tenants for life and Years— 3. Ditto by Mort- 
gagee or Mortgagor — I. Ditto of Party Walls 
and Fences — 5. Ditto of Highways and 
Bridges— 0. Nuisances. 

Chap. XXII. — ^ThsLaw relating to Appraisers 
AMD Auctioneers. 1. The Law Relating to 
Appraisements — 2. The Law of Auction. 

Chap. XXIII.— Landlord and Tenant. 1. 
Agreements and Leases— 2. Notice to Quit— 
S. Distress— 4. Recovery of Possession. 

Chap. XXIV.— Tables. Of Natural Sines and 
CosineB — For Reducing Links into Feet — 
Decimals of a Pound Sterling. 

Chap. XXV.— Stamp Laws.— Stamp Duties — 
Customs* Duties. 
Examples op Villas and Country Uoitses. 

ON LANDED PROPERTY. 
By Professor Donaldson. 

Chap. I.— Landlord and Tenant— Their Position 
and Connections. 

Chap. II. — Lease of L:%nd, Conditi.ms and Re- 
strictions ; Choice of Tenant, luid Aasignation 
of the Deed. 

Chap. III. — Cvdtivation of Land, and Rvtiitiun of 
Cn.)ps. 

Chap. IV. — Buildings necessary on Cultivate*! 
Lands — Dwelling Houses, Farmeries, ami 
Cott:igC8 for labourers. 

Chap. V. — Laying out Farms, Roads, Fences, 
and Gates. 

Chap. VI.— Plautitions, Young and Old Timlwr. 

Chap. VII. — Meadows and Embaukment.s. Beds 
of Rivera, Water Courses, and Fl(K>ded Gr^mnd.^. 

Chap. VIII. — Land Draining, Opened and Co- 
vered — Plan, Execution, and Arrangement 
between Landlord and Tenant. 

Chap. IX. — Minerals, Working smd Value. 

Chap. X. — Expenses of an Est;ito — RegubiUon.t 
of Disbursements— and relation of the appro- 
priate} Expendituras. 

Ch.ip. XI.— Valuation of I^anded Property : of 
the Soil, of Hou.ses, of Wood.s, of Minerals, of 
Manorial Rights, of Royalties, and of Foe Form 
Rents. 

Chap. XII.— L.and Steward and F;irm BaiM ; 
Qualifications and Duties. 

Chap. XIII.— Manor Baililf, Woodrievc, G.ir- 
dener, and Gamekeeper — Their Position and 
Duties. 

Chap. XIV.— Fixed Days of Audit— RtUf- Yearly 
Payments of Rents— Form of Notices. Re- 
ceipts, and of Cash Books, Cfeneral Map of 
Estates, and of e.ach sepzirato Form — Con- 
cluding Observations. 
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RICHARDSON, WM. 

PACKINaCASE TABLES ; showing the number of Superficial Feet in Boxes 
or Packing-Cases, from six inches square and upwards. Compiled by William 
Richardson, Accountant, Author of ** The Calculator, or, Tiiu^>^ Merchants' 
and Builders' Quide/' Oblong 4to, cloth, price Zs. 6d. 

" Makers and uaen of jMcking-casos will find these labour-saving tables invaluable. By their 
id the number of superndal feet in a case of any dimensions can be ascertained in a moment '*— 
The Ironmonger. 

' Will prove very useful to the trade for which it is compiled. ** — City Prea. 



«<' 



RITCHIE, ROBT., C.E. 

A TREATISE ON VENTILATION, NATURAL AND ARTIFICIAL. 
By Robert Ritohib, C.B., Associate of the Institution of Civil Engineers, 
London ; Past Vice-President of the Royal Scottish Society of Arts ; Author 
of ''Railways, their Rise, Progress, and Construction;" " The Farm Engi- 
neer, with Remarks on the Ventilation of Farm Buildings," and various Prize 
Essays on the Ventilation of Factories, Ships, ftc, &c. With numerous plates 
and woodcuts. Svo, St, 6d. cloth. 

** An interesting and oxtremely^ useful volume, in which the subject of ventilation is completely 
and exhaustively treated."— i(f<ntn{7 Journal. 

** This must continue to be for some time the toxt-book upon one of the chief difficulUes of 
domestic architectural construction and of social hygienics." — Lancei. 

*' A useful book on a most important and practicid subject. . . . The subjects treated of are 
illustrated bv numerous plates and woodcuts." — Builder. 

** Will be found exceecUngly usefU as a book of reference by all those interested in the subject of 
ventilation, whether applied to public or private buildings, nunes, or ships." — Artixan. 

SIMMS, F. W., on LEVELLING. 

A TREATISE on the PRINCIPLES and PRACTICE OF LEVELLING, 
showing its application to purposes of Railway and Civil Engineering, in the 
Construction of Roads, with Mr. TKLroRD's Rules for the same. By Fbbderiok 
W. Sdimb, F.O.S., M. Inst. C.E. Fifth edition, revised and corrected with 
the sddition of Mr. Law's Practical Examples for setting out Railway Curves, 
and Mr. Tbautwine'b Field Practice of Laying out Circular Curves. With 
7 plates and numerous woodcuts, 8vo, Si, 6d. cloth. 
N.B. Trautwine on Laying out Circular Curves may be had separately, price 5«. 

SIMMS, F. W., ON TUNNELLING. 

PRACTICAL TUNNELLING ; Explaining in Detail the Setting Oat of the 
Works ; Shaft Sinking and Heading Dnving ; ranging the Lines and Levelling 
under Ground; Sab-Excavating, Timbering, and the Construction of the 
Brickwork of Tunnels ; with the amount of Labour required for, and the 
Cost of the Various Portions of the Work. By Frkdk. W. Siiois, F.R.A.S., 
F.G.S., M. Ins. C.E. Author of "A Treatise on the Principles and Praotice of 
Levelling," &c &c Second edition, revised by W. Davis Haskoll^ Civil 
Engineer, Author of " The Engineer's Field Book," &c. ftc. With 16 large 
folding plates, and numerous woodcuts, imperial 8vo, H. 1». cloth. 

SPOONER, W. C. 

THE HISTORY, STRUCTURE, ECONOMY, and DISEASES of the SHEEP. 
By W. C. Spooker, V.S., Editor of White's " Cattle Medicine," and White's 
" Compendium of tho Veterinary Ai't.'* Illustrated by Harvet. Second 
Edition. 12mo, 5«. cloth. 

" Tho name of Mr. Spoonor, who is a distinguished member of his Profession, is a sufBciont 

rirantee for the acciiracy and usefulness of its contents. Farmers' clubs ought to add this work 
their libraries ; and, as a work of reference, it ought to be in ^e posoegsion of all Sheep 
Farmers." — Oa)'denert' ChronieU, 

STEVENSON, THOS. 

THE DESIGN AND CONSTRUCTION OP HARBOURS. By Thomas 
Stevenson, F.R.S.E., M.I.C.E., reprinted and enlarged from the viicle «#Hii- 
bours" in the Eighth Edition of "The Encydopwdia Britannica" WUK in 
Plates and numerous Cu^ 8vo, 10s. 6d. cloth. ^^ ^niwmica. With 10 
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STEVENSON, DAVID. 

CANAL AND RIVER ENGINEERING. By David Stevkkbow, F.RS.K., 
M. Inat. C.£. Small 8vo, cloth, with plates and woodcuts, price it. 6d. 

STUDENT'S GUIDE, The, 

To the PRACTICE of DESIGNING, MEASURING, and VALUING ARTI- 
FICERS' WORKS ; containing directions for takinf( Dimensions, abetraoting 
the same, and bringing the Quantities into Bill ; with Tables of ConstSLnts, and 
copious memoranda for the Valuation of Labour and Materials in the respec- 
tive trades of Bricklayer and Slater, Carpenter and Joiner, Sawyer, Stone- 
mason, Plasterer, Smith and Ironmougor, Plumber, Painter and Glazier, 
Paper-hanger. With 4S plates and woodcuts. The Measuring, kc, edited by 
Edwabo Dobbov, Architect and Surveyor. Second Edition, with the addi- 
tions on Design by S. Lact Garbitt, Architect, together with TWblea for 
Squaring and Cubing. In 1 toL, 8vo, it. extra cloth. 

TEMPLETON, w. 

the engineers, millwright's, and machinist's practical 

ASSISTANT ; comprismg a Collection of Useful Tables, Rules, and Data, 

Compiled and Arranged, with Original Matter, by William Tbmplbtgn, 

Author of ''The Operative Medumic's Workishop Companion.'' Tliird 

Edition, 18mo, 2t. 6d. cloth. 

" A perfect vodo mocum for all enffnged in mechanioal pursuits. ''-—ATrcAimte*' Ifagaune. 
*' Every mechanic ^ould become the poneasor of the volumei ax^ a more suitable present to an 
apprentice to any of the meohanical trades oould not possibly be made."— AuTtiiM^ XtKt. 

TEMPLETON, W. 

THE OPERATIVE MECHANICS WORKSHOP COMl^ANION, and THE 
SCIENTIFIC GENTLEMAN'S PRACTICAL ASSISTANT; comprising a 
great Tariety of the most useful Rules in Mechanical Sdfenoe, divested of 
mathematical complexity ; with numerous Tables of Practical Data and Calcu- 
lated Results, for facilitating Mechanical and Commercial Transactions. By 
W. Temfleton, Author of "The Engineer's, Millwright's, and Machinist's 
Practical Assistant." Ninth edition, including the Author's latest correc- 
tii>n8, with the addition of Mecbauical Tables for the use of Operative Smiths, 
Milhvri;5'lit.«i, Engiiieei-s, &c., together with several useful and practical Rules 
in Hydraulics nnd Hydrodynamics, a variety of Experimental Results, and 
an Extensive Tabic of Powers and Roots. Eleven plates. 12mo, 5*. bound. 

TIIOMAN. 

THEORY OF COMPOUND INTEREST AND ANNUITIES, WITH 
TAKLES OF LOGAIUTHMS for the more difficult computations of Interest, 
Dijicoiint, Annuitir?, &c., in all their applications and uses for Mercantile aii<l 
State imrposcR, with a full and elabomto introduction. By Fedor Tiioman, 
of the »Soci(5t(5 Crddit Mobilier, Paris. 12mo, cloth, Cn. 

"A V'lv ]>(i\vcTful \vi rk, ;uul the iiutbor ha-! a vorj- ronvirkuble couiinaml of LU cxi\>'jc-t."— 
r,'":'' .-■ fi' A. i'c Moniii,:. 

'• X" MinkL-r, ino:vli;nit, trad.-Tivm, fr ui:in of lni<<ine=><, oiijlit to I'C withont Mr. lliuinairs Inily 
'h-'iii'ly iM.xik."" — Jln-'tir. 

" Tlu; .luthor (»f tliis 'Ii;)ntIy-l>o<'l; ' dccrvcs our thanks." — J,i$vranec Gazi'tf. 

" \\'': rt.i.\>uimon«l it to the n-iticc of iiotu-irics and accountant!*." — Athcnaum. 



'1^ 



riMr>s, joiix, F.s.A. 

Tin: YEAIMIOOK OF FACTS IX SCIENCE AND ART. Exhibiting the 
most ini])ortant Ini|'rovcment.s and Discoveries of the Past Year in Mechanics 




tr^ Thi.-» work. tmbliHhcd annually, records the Proceedings of the Principal Sciontilic Societit-.'^ 
:nd IS indiPpcnBablo to all who wish to po^sc^8 a f:uthful picture of the latest noveltio.'; in Skicme 
na the Arti. 

The voliirnca from ISCl to 18G'>, price 5t. each, are all on sale. 
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TRAUTWINE, JOHN C. 

TBE FIELD PRACTICE OF LAYING OUT CIRCULAR CURVES FOR 
RAILROADS. By Johv C. Tiuutwine, C.K., of the United States (extracted 
from Simma's Work on Leyelling). 8?o, ^. aewed. 

TREDGOLD, THOS. 

A PRACTICAL ESSAY on the STRENGTH of CAST IRON and OTHER 
METALS; intended for the Assistance of Engineers, Iron-Masters, Mill- 
wrights, Architects, Founders, Smiths, and others engaged in the Construc- 
tion of Machines, Buildings, &c. ; containing Practical Rules, Tables, and 
Examples, founded on a series of New Experiments; with an ^tensive 
Table of the Properties of Materials. By the late Tuomas Trxdoold, Mem. 
Inst. C.E., Author of *' Elementory Principles of Carpentry," ''History of the 
Steam-Engine,** &c. Illustrated by several Engravings and Woodcuts. Fifth 
Edition, much improved, with Notes by Eaton HoDOKiNSOif, F.R.S. ; to 
which are added EXPERIMENTAL RESEARCHES on the STRENGTH 
and OTHER PROPERTIES of CAST IRON; with the Development of New 
Principles, Calculations Deduced from them, and Inquiries Applicable to 
Rigid and Tenacious Bodies generally. By the Editor. With 9 l^gravings 
and numerous Woodcuts. 8vo. 12«. doth. 

*«* Hodgkihson's Experimental Rebrarohis or the Strenote and Other 
Properties op Cast Iron may be had separately. With Engravings and 
Woodcuts. 8vo, price 65. cloth. 

TREDGOLD, THOS. 

THE ELEMENTARY PRINCIPLES OF CARPENTRY; a treatise on the 
pressure and equilibrium of timber framing, the resistance of timber, and the 
construction of floors, arches, bridges, roofs, uniting iron and stone with 
timber, &c., with practical rules and exampleSj to which is added an esfay on 
the nature and properties of timber, including the method of seasoning, and 
the causes and prevention of decay, with descriptions of the kinds of wood 
used in building ; also numerous tables of the scantlings of timber for diffe* 
rent purposes, the specific gravities of materials^ Ac. By Thomas Tredoold, 
Civil Engineer. With fifty-three Engravings, a portrait of the author, and 
several woodcuts. Fourth edition, oorrected, and oonsiderably enlarged. 
Edited by Peter Barlow, F.R.S. In 1 large vol. 4to, 2/, 2«., in extra cloth. 

WEALE'S BUILDER'S AND CONTRACTOR'S PRICE 

BOOK (published annually). See page 4. 

WEALE'S ENGINEER'S. ARCHITECT'S, AND CON- 
TRACTORS POCKET BOOK (published annually). See psge 16. 

WEALE'S SERIES OF RUDIMENTARY SCIENTIFIC 

AND EDUCATIONAL WORKS. At prices varying from 'Is. to 6«. 

♦^* 1 hie excellent and cheap series of books, comprising nearly 200 different works 
iu almost every department of Science, Art, and Education, is recommended 
to the notice of Meohanios' Institutions, Literary and Scientific Associations, 
Schools and Students generally, and also to Merchants, Shipp<'rs, &c 

Lists may he had on application to Messrs. Lockwood & Co. 

WEBB, E. B. 

ON IRON BREAKWATERS AND PIERS. By E. B. Webb, C.E., M.LC.E, 
&a, &c With Illustrations. 4to, 2$. sewed. 

WHEELER, JOHN. 

THE APPRAISER, AUCTIONEER, HOUSE AGENT, AND HOUSE 
BROKER'S POCKET ASSISTANT, for the valuation, purchase, and the 
renewing of Leases, Annuities, Reversions, and of Property generally ; prices 
for inventories, with a Guide to determine the value of the interiors, fittings, 
furniture, &o. By John Whkblrr, Valuer. 24mo, cloth boards, 2$. 6d. 
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WICKES, C. 

A HANDT BOOK OF VILLA ARCHITECTtJRE ; being a Series of De- 
■ignt for Villa Rasidenoes in Various Styles. With Detailed Specifications and 
Estimates. By C. WiCKSS, Architect, Author of " The Spires and Towers of 
the Medi»Tal Churches of England," &c First series consisting of 30 plates, 
second series, 31 plates. Complete in 1 toI., 4to, price 2Z. 10<., Lalf morocco. 

The second series may be bad separately, price 11, 7«., half morocco. 
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WIGHTWICK, GEORGE, Architect. 

HINTS TO TOUNG ARCHITECTS: comprising advice to those who, while 
yet at school| are destined to the profession ; to such as, having passed their 
pupilage, are about to travel ; and to those who, having completed their 
educatton, tans about to practise. By Geobge Wiohtwick, Architect, author 
of " The Palace of AroUteoture," &c. &c. Second Edition, with numerous 
woodcuts. 8vo, 7a, extra doth. 



WEALE'S ENGINEER'S POCKET BOOK. 

THE ENGINEER'S, ARCHITECT'S, AND CONTRACTOR'S POCKET 
BOOK {Lockwood A Cq,% formerly WeMt\ published annually. With Diart 
OF Evsim and Data connected with EUigineering, Architecture, and tho 
kindred Sciences. 10 copper plates, and numerous woodcuts. In roan tuck, 6.«. 

FRIVCIFAL CONTEinB FOB 1867. 



Principal Articles of tho Calendar. —General 
Calencku*. — Oas Enffinoors' Calendar. — Lati- 
tudes and Longitu<M8 of Public and Private 
Obsexratoiies. — Mean Time of High Water at 
Ijondon Bridge. — Time of High ^tcr on the 
Full and Change of the Moon at Different 
Porta and Places. — The Atlantic Telegraph. — 
Ventilation — Friction of Air in Mines — 
ExperimontH on Wrought Iron (Plato and 
Bar). — Wr«.night Iron tjirders: Ruloa and 
Formulas for Strains and Sectional aroan of 
Flanges and Webs — Construe ti'^ii of Wroti^ht- 
Iron Girders illustrated. — Ca.Ht-lron and Oak 
Columns and Pillars : Rules and Formulx — 
Tables of Dimensions for S<>li<l and Hollow 
Colvnnus. — Cast-Iron Girders : Rules and For- 
miilfo — Tables of Dimensions. — Iron Roofs : 
Details of Construction— Tables of DimensiouH 
for Rafters and Struts— Illustrations of R»x»f- 
ing, with Dimcnsi(ms and Scimtlings. — Cor- 
rugated I n)n R<»ofs. — Waterworks: Gathering 
Grounds — Rainfall, Evapjnition and Absorji- 
ti<:»u — Rain Gauj^es — Vcl(K*ity and Discharge of 
Water through Pipes. — Reservoirs and Filter 
Beds.— Sewers : Veutilation — Illustrations of 
Forms of Sewers — Gauging— Est:i>)lishment of 
Overfalls — Qu.antities of Brickwork in Sowers, 
— Hydraulics : Discharge of Water over Weirs, 
through Rivers, Streams, Sluices — Mouth- 
l»iecc.>i and Adjutage^s — Bends and Curves. — 
Water Whocl.s — Turbine Water Wheels. — 
Pro.s.«iure of Water — Pnm)>ing — Hydraulic 
Pre.'Js. — Ga.s Works — Coid Distillation — Con- 
Ktituonts and Qualities of Ga.s — Tc^ts — G.is- 
holdcrs — Retorts — Iron Cements. — Memo- 
nmdum Book of Mr. Telford: Power of Men, 
Horses, Machines, Wheels and Pinions — 
Friction — Water wheol.s — Hydraulic Memo- 
randii— Timber— Inui— Strength of Materiids, 
A:c. — Fititomo of Men.sunition : Rules and 
Formula) — Tables for Areas of Circular 



Segments, Length of Circular Arcs— Circum- 
ferencee and Areas of Circles — Squares, Cubes, 
and Roots— Fourth and Fifth Powers.— 
Qiiantities of Materials— Weight of Iron— Bur 
Iron — Birmingham Wire Gauge — Pipes — 
Csistings — Laths— Heads and Nuts for Bolt^— 
Tinned Iron Sheet — Balls — Hoop— Angle, Tee, 
and Sash Iron— Riiiln^ad Iron— Tin Plates— 
Copi>cr and Lead PiiMis — E;\rthwork — Slecpcr-i 
— Barrel Drains and Cidvcrts — Ballasting, 
Timlxir, Arc- Retaining Walls, Rules and 
Formuli«. — Memoninthi for Brickwork. — Ta- 
bles of Natural Sines, Cosinas, Tangents, Co- 
tangents, Secants, C«;»scc;ints, with Trijifouo- 
metrical Notes. — Memoranda rcLitiug to St&im 
and the Steam Engiue — Proportions of Boilers 
— Engines. — Tables of tho Economic Value and 
Comix)8ition of Cojds.— Fuel — Boilers — Fur- 
nziccs, ic. — Table of tho Elastic Pnji>crtics of 
Steam.— Evaporative Power of Coals. — Con- 
.sumption of Coal in Steamers.— Knot Tables. 
— Friction — Results of Experiments— Spe- 
cific Gravity of Gases.- Dilatation of Solid.«— 
Effects of Heat.— Thermometers: Tables for 
Fahrenheit, Reaxmuir, Ccntignuie.— Table of 
Specific Gravities. — Stone. — Cxirrent Coins of 
the Princiml Commercial Countries, and their 
Values in British Money. — Imix^rial Standani 
Measures of Great Britain. — Conunerrial 
Weights 5Uid MciisurcH of DifTcrent Countries, 
and their t/puvalent in British Weights .ml 
Mcjisurcs. — Table for Converting Briti>li 
\yeiglit8 and Measures into the Decimal 
Metric Sybtem.— Sotting out Curves.- 'laMc 
for Chaining on Sloping Ground. — Table for 
the Reduction of Feet, Links, and lnch«.'s — 
Obituary for I860.— List of Members of the 
Institution of Civil Engineers. — list of Mcm- 
l)ers of tho Royal liustituto of British Archi- 
tects. — Index. 
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